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. Ion-selective clectrochemical sensors can provide a means for rapidly
determining and continuously menitoring the concentration of a variety of ionic
species il aqueous solutiens, particularly saline and brackish waters. The develop-
ment of novel ion-selective sensors was the goal of this research program. Specif-
ically, the program goal was to develop inexpensive, chemically durable, and highly
selective electrochem;cal sensors which would provide rapid and specific response to
Fet3, cut?, ca*?, Mp*2, Nat, K*, and SOF in saline and brackish water. The
primary approach ta.ken in this program was to investigate the use of nonoxide
materials, both crystalline and amorphous, which, when fabricated into sensors,
gave sclective response to the specific ions of interest, The research program had
four major parts: sensor material preparation; material characterization, including
resistivity; sensor preparation and evaluation for ion selectivity; and sensor mech-
anism studies,
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RELY:

As the Nafion's principal conservation egency, the Department
of the [nterior has basic responsibilities for water,, fish, wildlife,
mineral, land, park, ond recreational resources. Indfan Territorial
offairs are other major concerns of America’s ”D!epurirnenf of
Natural Resources”,

The Depurtm’enf works 1o assure the wisest choice in managing
all our resources so each will make its full contribution to o beiter
United Stotes—now and in the future.

FOREWORPD

This is one of o continving series of reports designed to present
accounts of progress in saline water conversion ond the economics of
its opplication. Such data cre expected to contribute to the long-range
development of economical processes applicable 1o low-cost deminercliza-
tion of sea and other saline water.

Exeept for minor editing, the data herein are as contained in a report
submitted by the contractor. The data and conclusions given in the re;eorf
are essentiolly those of the controctor and are not necessarily endorsed by
the Deportment of the Interior. -
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FINAL REPORT
FOR
ION-SELECTIVE ELECTROCHEMICAL SENSORS

I.  INTRODUCTION

Ion~selective electrochemical sensors can provfde a means for rapidly deter-
mining and continuously monitoring the concentration of a variety of ionic species
fn ayueous solutions, particularly saline and brackish waters. This is the broad
goal of the research program sponsored by the Office of Saline Water unde: Contract
No. 14-01-0001~1737 with Texas Instruments Incorporated, Specifically, the program
goal is to develop inexpensive, chemically durable, and highly selective electro-
chemical sensors which will give rapid and specific response ‘to Fe+3. Cu+2, Ca+2,
Mg+z, Na+. K+, and Soqf in saline and brackish water, The primary approach taken
in this program was to investigate the use of nonoxide materials, both crystaliine
and amorphous, which, when fabricated into sensors, give selective response to
the specific ions of interest. The research program had four major parts: sensor
material prepgrat{on; material characterization, including resistivity; sensor
preparation and evaluation far ion selectivity; and sensor mechanism studies.

Each of these topics will be discussed in terms of individual sensors.

~ Ion-selective electrochemical sensors can be combined with other sensors to
build up process control systems., These systems will permit hetter control and
automation of such processes as reverse osmosis demineralization of brackish
waters, acid mine drainage water demineralization, and monitoring of total copper

zoncentration in the final brine discharge from a distillation desalination pro-
cess.

Ion=selective electrochemical sensors will provide accurate monitoring of the
‘concentration of individual jonic species in solution on a continuous and real=time
basis, The efficiency of the various éﬁbsystem elements (pretreatment section,
chemical addition, membranes, etc.} can be easily determined and optimized for
the current operating conditions. Thus, the quality of incoming and product water

could be easlly established, In addition, such process control systems can signal
changes in raw materials and in environmental and operating conditions. These
signals will allow corrective actions to be initiated before the operation has




degraded to the peint at which {t rust be shut down. However, if the changes have
been too drastic and cennot be corrected within a reasonable period of time so that
continued operation at, these levels would result in permanent damage to the systems,
the process control system would actually shut the process down to prevant serious
damage to expensive components such as the membranes, Inclusion of ion-selective
clectrochemical sensors in process control systems will provide critical informa-
tion needed to imarove operations at a lower total operating cost,

Much of thi work performed on this contract has been [:\ublished.l-5 The three
previous Internediate Reports for this econtract, U. S, Department of the Interior,
Office of Saline Water Research and Developments Progress Reports #496, 619, and
761, contaln detailed accounts of all of the work performed prior to the last

year of the contract. A paper entitled ''lon-Selective Electrochemical Sensors=

Fe+3, Cu+zf'was published in The Journal of Electrochemical Society. It summarizes

the early work on the Fe+3 sansor, A second manuscript5 entitied '"Potentiometric
Titration of Sulfate Using an Ion-Selective Iron Electrode’ was published in
Apaiytical Chemistry, Currently, at least two more manuscript56 arce planned for
publication in the open Viterature. Portions of the work reported in the five
publizations mentioned above are used in this report for purposes of completeness
and;understanding. All other work and results not previously reported are included
heré.

I In this report each sengor is {dentified and discussed in terms of the ion to
vihich it responds most selectively, Included in the discussion of each ion are
sensor materia) preparation, resistivity of sensor material, evaluation of materials
in ion=-seleetive sensors, and mechanistic studies to provide a better understanding
of the way the sensor functions and some of the precautions necessary to ensure
its reliable performance. Hence, the sections that foliow are devoted to discus-
sions of sensors of each of the following jons: Fe+3, Cu+2, 50h=, and Ca+2 plus Hg+2

One section describes preliminary work on other sensors that were not pursued _
to any great extent In this program, A section is also devoted to describing %
Yaboratory work closely retated to applications in various demineralization pro-

cesses. The final section summarizes the results and provides recommendatians

for future work in this area,

A
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1. Fe'® SENSORS

One of the first groups of materials {nvestigated during this program was
the nonoxide containing chalcogenide glasses. Although 2 number of different
materials were investigated and reported.l- the chalcogenide glass that showed

+3 ‘

the most promise for Fe ° had the composition SeGOGeZBSblz and had been previously

designated as TI #1173, If glass 1173 is properly doped with Fe {Fe=1173), the
resulting material, when fabricated into sensors, will develop potentials that

can be related to the free uncomplexed ferric iron concentrations of aqueous solu-
tions. The electrode exhibits a Nernstian response with & slope of approximately -
59 mV/decade change in Fe+3 concentration at ambient laboratory temperatures. This
effect is of practical interest in monitoring various demineralization processes

and has particular application to acid mine drainage water, waste water treatment,
and several other process effluents. The response of the sensors is of considerable
scientific interest because (a) the electrode potential is independent of the
concentration of almost all the commonr univalent and divalent cations and particu-
larly ferrous iron content of the solution; while (b) the potential response to
ferric iron is a nominal 59 mV/decade concentration change, indicative of a one-
electron process rather than the expected three-electron process (20 mV/decade).

Repetition of previously reported results]"h concerning the Fe+3 sensor will E
be kept to a minimum here, and emphasis will be placed on results not previously : )
reported. The additional information presented here concerns the Fe-1173 sensors
only: the prebaration. composition, and activation of the Fe=1173 material; the

electrochemical performance of this unique material; and the ion-sensing mechanism
of the electrode, -

A, Experimental ‘ ; f'

The ifron glasses were -prepared by fusing the appropriate amount of iron wire
at 900 to 1000°C with the glass, Seﬁosezasblz, previously synthesized directly
from the pure elements. To form electrodes, discs 1.1 to 1,2 em d!ameter and 0,1

to D 2 cm-thick were cut from the melt; gold was then evaporated onto ane side of
A . the glass disc; a Platinum wire lead made contact to the gold.via Silver Micro-

paint; and the lead side of the. glass was isolated from the test solutxons by o
sealing the glass disc into a Flexiglas tube,

s :

2 Y
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Resistivity and potential measurements were made as described previously.
Potenticstatic measurements were made with a Wenking Model 6343R potentiostat, “
All potentials are reported with respect to the commercial Ag/AgCl eiectrode used
as reference. In experiments concerned with the possible influence of chlaride
ion on the measured potentials, this electrode was replaced with an Orion doeuble-

Junction Ag/AgCl reference electrode containing a potassium nitrate solution in

the outer junction, All measurements were made at ambient room temperature,

Usually, four Fe-1173 electrodes were immersed in the specific solutions
under test, to separate out spurious elzctrode effects from the particular parameter
being studied, For simplicity of presentation, only the data from one set wi!\
be discussed. - T

To obtain a reproducible surface, independent of the previous history of the
electrode, the sensors were etched periodically in 10% KOH for 30 seconds, rinsed
with supporting electrolyte, re-etched, and re-rinsed. The electrodes were then
3 M Fe*3 overnight before use, The significance of these etching and
equilibration steps will be discussed,

stored in 10

The supporting electrolytes used in this study were 1 M KC! and 0.1 N NaC[Oq.
Chloride forms weak complexes with ferric iron; perchlorate shows little tendency

A

to comp]ex.? The responses in nitrate were discussed previousliy.

A motor-driven paddie stirrer was used in the experiments concerned with the
effect of stirring on response time. Magnetic stirrers were avoided to cbviate
any possible complications from the heat so produced,

The analytical method for determining the total iron content of the various
slices of Fe=1173 glasses was based on dissolution of the sample {n aqua regia, "
followed by measurement with an atomic absorption spectrometer.

B. Results and Discussion

The surface of an electrode prepared as described in Section II,A is visibly

heterogeneous, containing islands of one phase embedded in a matrix phase. Portions i
of this electrode material were ground to a powder, and an x-ray (Fe radiation) :




pattern was taken under prolonged exposure, In no case could a detectable pattern
be found, It must therefore be concluded that neither phase of the electrode
material is crystalline.

The Fe-1173 electrodes are opaque to infrared radiation; the parent 1173
glass is transparent, It must therefore be concluded that nelther phase is the

original 1173 glass. It was not possible to withdraw separately portions of either
phase for chemical analysis,

The homogeneity of the melts prepared as previously describedh is indicated
by the data shown in Table I for the iron contents of slices taken along the length
of two melts (slice 1 is the top of the meit). There are significant variations
in composition from slice to slice, and it is not possible teo infer the composi-
tion of slice x from that of slice x £ 1. No trend in iron content could be
established from the position of the slice within the melt; crushing and remelting
the slices dld not improve the homogeneity of melt composition,

It had been shown previouslyh that there was a dependence of resistivity on
the iron concentration of the melt, The existence of a critical iron concentration,
above which the resistivity decreased from the order of 103 ohm cm down to the
order of 50 ohh‘cm, was confirmed with chemical anatysis of the individual slices
on which the réﬁistivity measurements had been made, This was necessary in
view of the compositional variations shown in Table I, As a result of improved
analyses, the critical concentration found was 1.3 atom % iron rather than the
approximately 2,3% value previously reported,

Table II summarizes the electrochemical performance of four high-resistance
electrodes; performance is discussed in terms of the potential-\o§'concentration
slopes between the specified concentration 1imits, All the high-resistance glasses
showed less than the expacted Nernstian slope to changes in iron concentration at
low net ferric iron contents. Table III shows the steady-state Nernstian slopes
for 16 low-resistivity (s 50 ohm cm) electrodes over the concentration range of
10"5 to 10-2 M ferric chloride in 1 M KC1, pH 2. All electrodes had iron concen~
trations of approximately 1.3 atom % Fe. Included In Table III are the standard
deviations of slope as calculated from a least-squares fit of the data for each”

-
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TABLE

Iren Content Alonq the Melts

Weight % Total Iron

Helt 39 Melt 23
Slice No. (1.0 wt % Fe added) (1. wt % Fe added)

1 0.97 1.27
2 0.91 1.29
3 - V.27
4 1.02 ' 1.18
5 0.95 | 1.29
6 0,76 -
7 0.94 1.23
8 0.84 1.30
9 0,82 1.22
10 0,80 -
1 0.76 -
12 0.78 -
13 0.84 -

| 4 0.84 -

| TABLE 11

Potential Chanqge vs Fe'3 Concentration Chanqe

A _Potential !mvl

% Concentration Range: 10-5 to lﬂ-h IO-h to 10“3 10-3 to HI)"2 10-2 to IO"I
E ~ Electrode Resistivity |
r; (ohm=cm) |
540 20.0 26.5 335 . 35.4
_ 107 16.7 28,2 45,8 59.0
| 2% 10% a8 57.4 61.0 60.0
1 b % 10° 28,4 w2 ¢ | 56,5 60,0




TABLE III

Nernstian Slopes for Low-Resistance

Electrode Response to Fe'?.3

Electrode Slope (mV/decade) Standard Deviation {mV)
30-1 62.1 1.9
30-2 ‘ 61.3 1.8
30-4 59.3 1.4
30-7 59.9 2.2
30-8 60.3 2.9
30-11 58.3 2,3
32-4 52.5 1.4
32-7 56,2 2.9
| 32-8 55.2 14
32-9 59.5 1.3
32-11 54,9 1.3
32-15 55,5 0.6
: 462 52.1 0.8
! 16-11 58,2 2,5
49-2 58,6 2.2 'i
' ¥ 49-12 57.3 17 :




electrode. (In this numbering system the first number refers to a particular
melt, while the second number refers to a particular slice within the melt,} The
average slope is computed as 57.6 mV/decade with a net standard deviation of

* 2.9 nV¥/decade, This, then, is a measure of the reproducibility with which elec-
trodes can be prepared, No correlation could be found with iron content and per-

formance, except as determined by the resistivity of the glass. Unless otherwise

specified, all data discussed below were taken with low-resistance electrodes,

Flgure | shows the recponse times of one such electrode to small changes in

iron concentration, Steady state was achieved within two to four minutes; response

time to Increasing iron concentration appeared to be somewhat faster than responses
to decreasing concentrations,

Response time increased significantly, however, {a) when the concentration
changes were Increased to order-of-magnitude increments, and (b) when the ambient

ferric iron concentration was decreased below 10 ' M ferric iron, With stirring,

steady state at 1072 M was achieved within 20 to 30 minutes; without stirring,

steady-state responses at 10'5 M were always quite long, teking up to 60 minutes

to reach steady state (here, steady state is defined as an electrode potential
stable to within 0,1 mV/min.). At steady state, the electrode potentials were
independent of stirring rate over the range from 0 to 275 rpm, At 10"4 M ferric
iron, steady state was achieved within 10 to 20 minutes with stirring,

-

This trend of decreasing response time with increasing iron concentration did
not persist above 10'3 M; generally, 20 minutes were required to reach steady state,
as defined, and stirring had little effect. Response times were the same in per-

chlorate and in chloride solutions,

During the preliminary studies of electrode behavior, it was often observed
- 4
that the potantial changes measured at and below 10 3 M Fe 3 were smaller than

expected (from a Nernstian slope of about 59 mV per decade) if the electrodes had
been first exposed to 1071 or 1072 M ferric iron for prolonged periods of time.
Furthermore, the aquilibrium potentials themselves were higher than had been observed
after the electrodes had first been éxposed to In'h M ferric iron. This effect

was found in both chlqride and perchlorate solutions. The phenomenon can be

"{1lustrated and explained by the following experiment. A thoroughly washed elec-

o)
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2.1 x10"% M Fet?
L)
s
<
L -
<
2
[N
g
(- 160 f= | —
1.4x10"% M Fet?
|
140 [— | —
B.4x307° MFe*>
-6 -4 -2 o 2 4 6
5581=6 TIME (MINUTES)

Figure 1 2,39 Mole % Fso-l173 giass Electrode Response Times for
thanging [ Fe*3] _

9




P AT L uw

h
13
5
[
{
3
4

trode was equilfhrated in ]D-3 M ferric chloride after exposure for ten minutes

to ID-] M Fe+3; a steady potential of +355.7 mV was observed, The electrode was
then thoroughly rinsed with supporting electrolyte, and the test selution was
replaced with 2 second sample of the same 10 M concentration that had not been
exposed previously to an Fe=1173 electrode; a steady-state potential of +341.7

mV was recorded, Not only is this potential lower, but it is also what was anti-
cipated from Nernstian behavior and the potential observed at 10'2 H ferric iron,
Placing the electrode back into the original 10-3 M selution restored the potential
reading to its original value, This indicates that the potential difference between
the two millimolar iron solutions was not an artifact or electrode drift, but was
indeed representative of the ferric iron content of the solutions. It would appear,
then, that ferric iron was transferred from the surface of the electrode, previously
exposed to high iren content solutions, inte the first millimolar iron solution,

Thus, when measurements were made to determine the potentlal of a solution
more than an order-of-magnitude different in ferric iron content from the solution
previously monitored, the electrodes had to be equilibrated for &t least 30 minutes
in the test solution and then placed in a fresh portion of the test solution. This
provided the most accurate representation of potentials characteristic of the
ferric iron content of the particular solution under study,

A more classical source of contamination was also found with a number of the
supporting electrolytes used in the study, specifically the presence of a small
amount of residual frvon fmpurity in the salt itself. The KCl and NaCth elecn
trolytes werea analyzed for total soluble iren via an atomic absorption spectro-
metric method.” The 0.1 ﬁ:NaCloh solution used contained 1,7 x 1072 M Fe; the
1 ¥ KC1 solutiun contained 2 X 1077 M Fe. 1t was found that the KC! solutions
did vary in soluble iron content according to the particular batch of KC1 used;
most samples contained residual fron in the 10-7 M range,

The lower 1imits-of-detection of the Fe=1173 electrodes were therefore B
estimated as follows, Equilibrium potentials were first measured for a KCl solu- ' f%
tion with a known, large concentration of added iron. - Sufficient EDTA (at the B
same pH) was added to complex all {ron present; potentials were recorded after

10




15 minutes, The results of ane such experiment in | M KC1 are shown in Table IV,
From a comparison of the potentials at 10-5‘5 Fe*? and those of the KC1 + EDTA

solution {i.e., no irqﬁ), It would appzar that the electrodes are sensitive down
to approximately 10'6 M ferric iron in 1 H KC1,

TABLE 1V

Determination o# Limit-of=Detection

‘Solutiun ) Electrode
32-5 32-6 32-8
107 M Fe + Kel 216 w 235 232 v
6
10™° M Fe + KCI 165 203 198
K1 47 188 184
KC1 + EDTA. 145 182 180

The same experiment was carried out in perchlorate solution with substantially
the same result, i.e., the efectrode is capable of measuring soluble ferric iron
above a concentration of !0-6 H (0.06 ppm) .

‘1t was also of interest to note that exposure of the electrode to EDTA did
not adversely affect activity; in fact, exposure may well have {mproved electrode
performance, An example of this effect is shown in Table V, which lists the steady
state potentials of T Fe, (a) initially, (b) after exposure to 107! Fe, and
(c) after exposure to EDTA. (The significance of the IO']Iexposure 1s discussed
below in more detail; suffice It to say that such an exposure has a deactivating °
effect for subsequent exposure of the electrode to IOMh sglutions,) Obviously,
there {s good agreement between the "{nitial'! and "after EOTA" potentials.
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TABLE V

Effect of EDTA on Equilibrium Potentials

Electrade ) Potentials (for 10-4 M Fe)
Initial After 107! Fe  After EDTA
5 231.7 mv 223 m 230 mv
6 210.8 20k 21
7 232,6 208.9 230
8 226.6 209.9 227

To generate electrodes which showed these Nernstian responses to varying
ferric iron concentrations, 1t was necessary to activate the sensor surface by
exposing a freshly etched electrode to a solution high in ferric iron concentration
(= 10"3 K. This phenomenon'is illustrated by the data in Figure 2, which shows
the responses of a freshly etched electrode after equilibration overnight in three
differant iron solutions. In each case, measurements were first made at the 10-5
M concentration level, then at sucecessively increasing iron concentrations,
Chloride was the supporting electrolyte, but similar results were obtained with
perchlorate ion.

Consider first the réspunse of the electrode equilibrated {n the 10_5 M
iron solution: {a) little potential change was observed for solutions of {ron
concentrations at and below 10 ' M; (b) potential readings were abnormally low
below 10'3'ﬂ; (c) the response above 107 M was super-Nernstian, i.e., greater
than ~ 59 m¥/decade change In iron concentration, After exposure tolltl'I M
ferric iron, this electrode showed the normal Nernstian responses as obtained with :
properly activated electrodes (data not shown in the figure).

Consider next the electrode equilibrated avernight in ll?l-3 M ferric ion,
Respense was Nernstian, and little hysteresis was observed in potentiai on increas-
ing and decreasing the iron concentration {(data not shown in the figure). Similar
behavior was observed aFtéé a freshly etched electrode was equilibrated for .one
hour in 107" M ferric iron solution. ,
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Finally, consider the plot for the electrode equilibrated overnight in
10 M ferric iron, The subsequent performance at and above 10“3 H is normal;
response below 10-3 M was less than would be expected from Nernstian behavior.

i

Furthermore, the potentials showed considerable long-term drift. In many cases
such treatment with IO"‘ M ferric iren resulted in electrodes that were completely

nonresponsive to changing ferric iron concentration below IO'k H ferric iron,

To confirm that this deactivation involved exposure time as well as ferric
iron concentration, an active electrode was exposed to 10"3 M ferric iron for
87 hours, rather than overnight as described zbove. Subsequent measurements of
the concentration=potential responses indicated a decrease in sensitivity of the
electrode to low concentrations of ferric iron, e.g., a potential change of only
35 mV was observed from 10-5 to 10-4‘ﬂ iron and 53 mV from 10-4 to 10f3. rather
than the previously observed 58 nV/decade, Above 10-3 W ferric iron, the response
was still Nernstian. This result has obvious implications relative to the use
of this sensor for the continuous monitoring of process streams., As with other
ion-selective.electrodes, best performance is obtained when the electrode is used
te measure less than order-of-magnitude changes in concentration around & constant
ambient concentration.

To avoid, or at least minimize, such deactivation of the electrode when the
sensor is not in use, consideration was given to storing the electrodes in the
dry state, without etching and chemical reactivation between applications.
Accordingly, a series of four electrodes was activated overnight in 10'3 H ferric
iron and then operated. After demonstration of the expected sensitivity to ferric
iron, the electrodes were washed with supporting electrolyte, washed with distilled
water, dried, and left overnight in air, The electrodes were then exposed to solu-
tions of varying iron content, and the steady-state potentials were recorded, The
greatest divergence between the two sets of potentials was 20 mV; the average '
divergence was 10 mV¥. Two conclusions can be made, First, dry storage does . sl
not deactivate the electrode; second, recalibration is a desirable precaution, as n
with all ion-selective electrodes. |

The operational effects discussed above raise significant questions regarding
the electrode mechanism for sensing ferric 1ron concentration. Xn particular, it




is necessary to rationalize the 58 nV/decade Nernstian slope, i,e., a one-electron
process, with the following: (2) the electrode activation phenomenon, (b) the
electrode deactivation process, (c) the auto-contamination of the test solutions,
and {(d) the variation in response times with the magnitude of concentration change
and concentration level,

One possible explanation, consistent with previously discussed redox behavior,
is that the electrode sees only the oxidation potential of the ferric iron (the
reduced half of the equilibrium couple is in the electrode) ; but to function pro-
perly, the e1ectrode surface must first be oxidized, e.q., to a potential approxi=
mating that of 10 M ferric chloride. The auto-contamination effect couid indicate
that the solubility of the electrode material i{s potential-dependent, Similarly,
the deactivation process could be explalned by a competing slow and irreversible
oxidation of the surface by ferrlc iron at potentials equal to or greater than
+400 mV vs Ag/AgC].

The following experiment was carried out in an attempt to evaluate the effect
of oxidation potential, (This study was done in replicate, but for simplicity of
presentation the data for only one run are discussed.} An electrode was etched,
washed with subporting electrolyte, and placed in 1 ¥ KC1, pH 1.7, but with no
added iron. The potential of the electrode was set to +400 mV with the potentio-
stat and held for three hours. This is approximately the potential the electrode
would have reached if exposed to 107! M ferric chloride in | M KL, pH 1.7, A
current flow of 2 mA anodic was observed initially, decreasing within 15 minutes
to 0,003 mA anodic. This indicates that a chemical oxidation of the electrode
surface does.take place during the electrode activation step.

After the anodic current had definitely fallen to zero (three hours), the
applied potential was removed, and the electrode was exposed to varying concentra-
“5 M and
proceading to higher c&n;entrations in order-of-magnitude increments, The poten-

tions of ferric ion in the same supporting electrolyte, starting with 10

tial~log concentration response obtained in this ﬁay was substantially identical

to that shown in Figure 2 for the freshly etched electrode exposed to 10 -5 H
fervic chlorlde. At 10 -5 .} Fe+3 the electrode potential was of the order of 150 mV
below its equiiibrium Nernstian value and only slowly increased toward this poten-
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tial (at ~ 5 mV/hour). This rate of approach to equilibrium was much slower than
that observed during cperation of the chemically activated electrode at this con-
centration level. Varying the solutien Fe™ concentration generated a super-

Nernstian response, As concentration incremsed, the potentials more closely
approximated their “true' equitibrium values, and the rate-of-approach to
equilibrium increased,

It can thus be concluded that oxidation of the electrode surface occurs
during the activation step, but, in {tself, is not sufficient to provide an
electrade raesponsive to changing iron concentrations in the supporting elec-
trolyte solution. Exposure to high concentrations of ferric iron is indced
required, Since the phenomencon is observed in perchlorate solution, the important
species involved in this process is ferric ion, not a chloride complex.

It had been determined previously that exposure of the electrode to 107! H
ferric iron for three hours, i.e., the time perlod uged in the potentiostatic
treatment discussed above, was sufficient to deactivate the electrode response
to lew concentrations of ferric iron in the solutlion. However, the potentiostatic
treatment did not adversely affect the electrode performance, To further confirm
this, a freshly etched and chemically activated electrode was put on the potentio-
stat at +400 mv for three hours, Subsequent potentiometric response to varying
iron content in solution was unchanged, i.e., the electrode was not detectably.
deactivated, Thus, it can be concluded that electrode deactivation also does not
sclely involve surface oxidation, 1.e., high potential, but that high concentra-
tions of ferric iron are required.

The next point.to establish is the nature of the chemical interaction between
the ferric iron in solution and the surface of a chemically, or electrochemically,
oxidized Fe-1173 electrade, The most-likelylreaction is that of equilibrium
(rather than irreversible) chemisorption of Fe+3. The specificity of such a pro-
cess would account for the selectivity of the electrode material. The equilibrium ‘
exchange of the adsorbed ircn with ferric ion in solution would account for the
auto~contamination effect, since the electrode {s severely shifted from equilibrium
by, for example, reducing the solution iron content more than an order of magni tude.
of course, the initial adsorptien of ferric iron would be expected to produce a
potential change; indeed, after potentiostatic oxidation the addition of ferric
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ions subsequently leads to an increase in potential which, as described, is
super-Nernstian, i.e,, i5 greater than expected from the effect of concentration
change alone,

A series of experiments was carried out in an attempt to elucidate the
chemistry involved in this electrode~ferric ion interaction, The specific measure-
ment techniques used were (1) free ferric iron analysis of the equilibretion solu-
tions with an activated Fe=1173 electrode, (2) total iron analysis of the equi-
libration solution via atomic absorption (AA) spectrometric analysis, and (3) Fe+3/

Fé+2 ratio monitoring via a platinum screen electrede,

Accordingly, an electrode was freshly etched and placed in a 10-5 H Fecl3
solution (pH 1.7, 1 M KC1), which was equilibrated with the active Fe=1173 elec-
trode, The potential of the active electrode decreased by 7.8 ¥ in 60 mfﬁpfas.

AA analysis indicated no change in total iron content, These results are rational=-
{zed by noting-that a freshly etched electrode i{s i{n a reduced state (at approxi-
mately ~H400 mV) and is thus capable of reducing ferric ion to ferrous ion.
Potentiostating such an electrode at +400 ¥ resulted in an anodic current flow,

as described previously,

The test electrode was therefore re-etched, potentiostated at +400 oy for
2,5 hours, and then exposed to 10 =5y M ferric chloride solution, The active
Fe=1173 electrode again indicated a decrease in ferric iron content; but the
potential change was much smaller, i.e., of the order of a millivolt, The
-plréinum screen electrode iédicated a decrease in potential of k.6 mV. Thus, there -
is a change in the composition of the equilibrating electrolyte, but it is small.

AA analysis of the solution showed no change in the total iron content, However,
the changes indicated by the electrodes are at the limit of reproducibility of

the AA analytical method, COmplicating matters, however, was the observation that
in no case during the replicate AA ana\ysis of replicate solutions was there a
lower concentration of total iron in the equilibration solution than in the original
electrolyte, In fact, in most cases there was a small {ncrease,

“ ) Nevertheless, it is possible to conclude that very little, if any, reduced
species come off the electrode during the ectivation step. The potential change

° L
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noted for the platinum electrode, if due solely to ferrous iron or a similar
reduced species, would be of the order of 1o/ # (0,006 ppm Fe). The same con-
clusion applies to a chemically activated electrode during ferric iren sensing,
The platinum electrode was placed in a 10-5 M ferric chloride solution until
steady state was achieved. An active Fe-1173 electrode was placed in this solu=

,tion, and no change in potential of the platinum electrode was observed.,

These observations ar<s consistent, primarily with the adscrption of ferric
iron onto the electrode surface during the activation step. The quantities involved
are proportional to solution ferric iron concentraqion and hence are small at low
ambient concentrations of ferric iron, (At higher concentrations there would be
the problem of detecting small differences between large numbers,)

The available data make it impossible to exclude completely the desorption

or dissolution of material from the electrode surface which would form a stable

camplex ion with Fs+3

and thereby raduce the electrode potentials of the monitoring

electrodes as described, Such a mechanism would be consistent with the AA results

on total iron cdntent of the solutions. However, (a) such dissolution would have

to take place only in the presence of ferric iron (or the process would have been

completed during the potentiostating step), (b} such dissolution eould not expose

a fresh Fe-1173 surface (or steady state would not have resulted), and (c) the

ée+3 camplex would have to have a low equilibrium constant (log K of the order of

2 or 3) or the changes in ferric iren concentration would be greater than those

‘observed, This, in turn, would imply a solubility product not strongly influenced . .

by the Fe+3 concentration and condition (a) would not apply. > .
Thus, the most likely interaction is adsorption of ferric iron on the fresh

electrode surface. '

If the deactivation process proceeds via an irreversible, slow adsorption of ;é
ferric iron species, which may or may not be potential-dependent, then it would :
be expected that if the potential of the electrode were redﬁced, it would be
possible to displace ferric iron from the electrode surface, or it would be possible "i
to reduce this adsorbed ferric iron to ferrous iron, Since ferrous iron does not

_evoke an electrode response, it can be assumed that {t {s not adsorbed onto the : A
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electrode. 1In both cases, saluble {ron should appear in the supporting electrolyte.
Accordingly, a deactivated electrode was potentiostated at +120 nV for ten minutas
in 1 ¥ KC1, pH 1.7, contalning no added {ron, Current flow was cathodie, but

less than 0,001 mA, The solution was then analyzed for soluble iron via a mare
sensitive atomic absorption spectrometric methode; 0.34 mg/1it (6 x 10'6 H} iron
was found. Although small, the value s nevertheless real, {.,e,, in excess of

the residual iron content found in the particular KC1 solution used in this experi-
ment. This is evidence in support of deactivation via frreversible, but slow,
adsorption of ferric iron onto the electrode surface, It is consistent with such

a mechanism that inactive electrodes always read high, i.e., give potentials In
excess of those expected from equilibrium with the solution being measured, Such
would be the case for an electrodé with an excess of fron on the surface,

We are therefére left with the following conclusions regarding the activation
and sensing mechanism of Fe=1173 electrodes., A properly activated electrode will
show Nernstian responses to solutions varying in ferric iron content with a slope
of epproximately 58 mV per decade concentration change, i.e., a one=electron
change process, However, for the eleétrode to function properly, a freshly etched
surface must first be exposed to ferric iron solution of moderately high con-
centration, of. the order of 10'3 M or higher, During this step, the electrode
surface is oxidized, and then a chemical interaction takes place between the
electrode and ferric iron in the solution. It is this modified surface that
is involved in the sensing of ferric iron content of solutions., The sensing
mechanism does not involve the injection of reduced species into the electrolyte,
This {nteraction of the electrodé with fervic iron in solution is most likely
one of specifie adsorhtgon, although the quantity of ferric iron se involved is
tow, at least zt low ambient fran concentrations. The operational effects discussed

imply that the subsequent ferric {on sensing mechanism {nvolves the exchange Y
of ferric ions in solution with the electrode surface, - ‘ L

_ Electrode deactivation is rationalized in terms of a slow, irreversible
adsorption of ferric iron taking place simultaneously with the faster adserption
process that forms the basis of the sensing mechanism, In any event, the involve-
ment of ferric iron in the deactivation process is strongly indicated. The rate
of deactivation is proportional to the average Fe+3 concentration seen by the b
electrode, thus further suppérting the idea of dry storage to prevent deactivatlon. e
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The remaining problem is to account, at least gualitatively, for the one-
electron Nernstian slope with such a mechanism. Obviously, the electrode mechanism
is more comptex than that originailly proposed, {,e., a redox couple, Fe+3!H+2, where
H+2 is contained in the electrode surface. There is little doubt that the electrode
responds to oxidizing agents such as Ce+h and paro:gides.4 However, there may well
be more than one mechanism, depending on the speclies involvad: work in progréss is
consistent with such a conclusion, To be consistent with the information discussed

+
above relative to Fe 3 sensing, it {s necessary to postulate a surface adsorption

or chelation which involves a potential-determining ion exchange with Fe*3 in

solution, The overall process of generating an active surface and sensing ferric
iron may be represented as follows:

Fe=1173 + Fe'> (sol) = oxidized Fe-1173 + Fe'? (sal)
Fe=1173 (ox) + Fe'd o M
M & Fa’3 (s01) = M Fe.

The freshly etched Fe~1173, on exposure to ferric Iron in solution, is first oxidized.
This surface .then interacts chemically with further fercic iron to form the active
centers (M*) involved with the subsequent ferric iron sensing. (This process is .
inferred from the extremely slow approach of the oxidized electrode to true
equilibrium when it is exposed to low concentrations of ferric ion In solution,)

The active site {H*) now establishes its potential via fast, reversible adsorption-
desorption equilibrium with Fe+3 in solution and that adsorbed on the surface.

Since this {s a one-fer-cne process, a Nernstian slope of 58 m¥/decade results.

At the same time, a much slower irreversihle'adsorptlon deactivation process takes
place which is dependent on the concentration of ferric ion in solutien,

C.  Summary

Properly prepared, activated, and operated Fe«1173 electrades show Nernstian
responses to changing ferric ion concentration between 10-5 and approximately IO-‘
, with a nominal slope of 58 n¥/decade ferric iron concentration. This slope R
is reproduclble from electrode to electrode within £ 3 n¥(1 o level). The same i
slopes were found in chloride and perchlorate media. Ferrous ion fs not seen ' LI
by the electrode,

4 Fe+3
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As presently prepared, stices of sensor material taken from a given melt
can vary £ 10% in total iron content, Fe-1173 glasses containing less than 0.9%
(at.) are higher in resistivity {= 10" ohm cm). Electrodes of this material,
white they respond to changes in ferric iron content in solution, a2re less sensitive
to low (s T M) concentrations of Fe'3
preferably < IO2 ohm cm) materiel results in electrodes that are sensitive to con~

. Low resistivity (< 103 ohm cm and
centrations as low as 10'6 M Fe*3 {0.06 ppm) in chloride and perchlorate solutions.

Electrode response time decreases with decreasing increment of concentration
change, with increasing ambient concentration of ferric iron, and with stirring.
Exposure of the electrodes to strong chelating agents such as EDTA does not
adversely affect subseguent electrode response,

To develop an active sensor for monitoring ferric fon concentration, the elec-
trode surface must be etched in a caustic and exposed to high (= 10'3 K} concentra-
tion of ferric iron. This activation process involves the oxidation of the surface
as well as further chemical reaction with ferric iron. The activation process is
different from the sensing process in that the latter iavolves a fast, reversible
exchange between solution ferric ions and adsorbed ferric ions. A slow chemical
deactivation of the surface takes place which involves, at least in part, the
irreversible adsorption of ferric fon. Electrode 1ife can be prolonged by dry
storage, and deactivated electrodes are readily reactivated by etching and
exposure to ferric ion,
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Earlier investigationsl'4 demonstrated that the Fe=1173 would indeed respond
to cd+2 in the absence of Fe+3. However, the selectivity of this sensor was poor

3 3

for Cu+2 over Fe+ « The mechanistic studies of the Fe+

sensor suggested that the
use of ory-chalcogenide glass could result in a family of sensors for different
fons, This first attempt was directed to a specific Cu+2 sensor and involved the
formation of a CuO-A5253 glass. The material exhibited low resistivity ond was

sensitiva to Cu+2 in a variety of electrolytes. Work continued using not only

.Cul, but also Cu, CUZS. and CuS as additives to the ASZSB. All materials systems

responded, Attempts to make sensors for fons other than cut? with this chalca-

genide system were discussed in 0.5.W. progress report # 76!.3

As in previogus sections of this report, earlier work previously r'f.-aport:e.d]'3
will not be repeated unless it is necessary for clarity. Emphasis will be placed
on results obtained since the last report.

This section discusses the preparation, performance, properties and sensing
mechanism of a'Cu+2-sensitive chalcogenide glass electrode prepared from coppsr
metal and preformed arsenic trisulfide (Aszs3). Applications of these electrodes
will be discussed in Section VII of this report.

A. Experimental

Pure arsenic trisulfide was prepared by heating the elements (6-9's pure) in
a sealed quartz ampouie at'525°c for about 90 hours, The resulting glass was deep
red and, in 50-mil slices, was transparent, The infrared spectrum of arsenic
trisulfide {s well known and agrees with that for the material prepared as described,
Glassas prepared from comméreial arsenic trisulfide were often opaque to the Infra-.
red and led to erratic copper sensors, -Both effects were ascribed to residual
metal impurities in the starting materials.

To prepare the sensor, the crushed glass was mixed with the appropriate
amount of copper metal, cupric oxide, or cupric sulfide; then the material was




placed in a quartz ampoule which was evacuated, sealed, and placed in a furnace

for 70 hours at 700'C, The temperature was then reduced to 400°C for one hour,
and the ampoule was air-quanched to room temperaturc,

Electrodes were formed in the manner described-previousiy.u Most of the
measurements were taken with ohmic contact made directly to the sensor glass slice,
Entirely equivalent data were obtained when the membrane configuration was used,
i.e., when the glass slice was used to separate the solution being studied from
an internal solutlon of constant composition; electrical contact was made via a
commercial reference electrode placed in the internal solution.

Potent{als were also measured as described.u An Orion Ag/AgCl reference elec-
trode was used in the double-junction mode to minimize contamination of some test
solutions with halide ion. Standard copper solutions were prepared by dissolving
the appropriate copper salt in the following supporting electrolytes: (1) 1 M KCI,
pH 2; (2) 3 MKC1, pH 2; (3) 1 M KC1 + 1 M HC1; (4 1 M NaBr, PH 2; (5) 0.1 y_xnoa.
pH 2; {B6) ) M sodium acetate, pH 4 (7) 0,1 M sodium acetate + 0,9 H NaNO3, pH 4;
(8) 1 M KSCN, pH 2, No attempt was made to remove residual copper contamination
from the supporting electrolytes; it was not necessary to deaerate the solutions.

The test solutions were not thermostated; the temperature coefficient remains
to be determined, In general, three test electrodes were monitored simultaneously
to sort out spurious electrode effects and spurious solution effects. For simplic-

ity of presentation, the data from only one electrode in each set are presented
here.

Unless otherwise specified, all measurements were taken in solutions stirred
with a paddle stirrer {275 rpm}. The consequences of stirring will be discussed,

To obtain a reproducible surface before each series of measurements, the elec~.
trodes were etched with 10% KOH, rinsed with the appropriate electrolyte, re-etched
and re-rinsed, The electrode was then equilibratedkin ICJ-'l M cupric ion solution

for one hour before use, The chemistry,involved in this important activation step
will be discussed. o
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Comparison measurements were also taken with commercially available copper~
sansitive electrodes, i.e., the Coleman Copper Ion-Sensitive Electrode No, 3-804,
and the Orion model 9%4-29A. The purpose hers was not to criticlze or evasluate
commarcial electrodes per se, but to determine if significant differences in per~
formance exlsted relative to the copper - arsenic trisulfide electrodes,

B. Results and Discussion

Visual observation of the glasses indicated a heterogeneous multiphase system
with crystalline material distributed randomly throughout an amorphous matrix.
The crystalline phases formed from glasses spiked with copper metal, cupric oxide,
and cupric sulfide were studied by metallographic and x~ray diffractien techniques,

Semi-quantitative microprobe analysis of these phases indicated they were
copper-rich, Distance-concentration profiles taken across a nrecipitate fndicated
that its arsenic content was below that of the adjacent matrix phase, but that
its sulfur content was about equivalent to that of the matrix phase. The strongest
1ines in all x=ray diffraction patterns were those ascribable to "sinnerite," a
recently reported minerai.g"o In no case was it possible to confirm the pres-
ence of copper metal, cupric sulfide, cuprous sulfide, or the oxides, even when
the initial source of copper was cupric su)fide or cupric oxide, -

Sinnerite. {s reported to exist in two crystalline madifications, cubic
Cusﬁs (3 Cus§ + 2 ASZSS) end triclinic Cug 4 sh§9 Both modifications were
found in the ne!t containing 0.25 mole fraction added copper. . At lower concen-
trations of coppar, one or more of the other phase was found, rather than both,

To some extent this could be correlated with the preparative conditions, according

to the following argument. The Initial precipitate which forms on quenching the ;
malt Is the cubic phase and is metastable at room temperature. On standing, _ E
copper slowly diffuses through the glass, forming the more stable triclinic dis- oy
torted material near the Cu6 3Ash§ composition, Indeed, the triclinic Iines

were visible primarily in the diffractxon patterns of the oldest samples and

in the slowrcooled samples. The optical micrographs were consistent with such

a crystal growth mechanism, in that a long (> 18 hour) reaction.tine at 550°C

gave needle-like dendritic growth, while the stow-cooled sample gave'large crystals.

2k | | i




Resistivity measurements (dc) were taken as describgd previously,h i.e.,
with G.1 to 0,2 cm thick slices onto which gold had been;evanorated. As shown
in Tabte VI, resistivity decreased with increasing additions of copper. The sams
affect was obtained regardless of the form of the initially added copper. This
is consistent with the x-ray data that the crystalline and conductive material
formed in the melt iIs independent of the starting copper compound,

TABLE VI

Resistivities of Copper = Arsenic Trisulfide Glasse«

Mole Fraction

Copper Resistivity (0 cm)

" Cu0 Added Cu Added
0.05 3 % 10° ta 6 x 100 -
0.10 3 % 10% to 3 x 108 2 x 107 to 4.3 x 107
0.15 b x 103 to 1 x 108 B4 % 10 to b x 10
0.20 1x10% to 8x 100 b x 102 to 3 x 107
0.25 46 to 50 bk to 62
0.30 -- 36 to 37

The primary conclusion to be drewn from the data of Table VI is that the con-
ductivity of the high copper-content glasses is sufficient in itself for stable

electré;hemical operation and that the addition of conductive binders is not i
necessary.

The spread in the data represents the spread in resistivities for different - &
- slices taken from the same melt, Obgiously, the slices are also heterogeneous
. along the length of the melt as wel{ as along thg surface of a slice, Note, howéver,
‘ that this varfation In resistivity decreases as the copper content of the melt is

iqcraasgd above mole fraction 0.2, as would be expected if the conductivity were )
due primarily to the crystalline phase, |
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A rigorous correlation of electrode performance with electrode composition
or physical properties was not attempted. It was generally observed, however,
that electrodes containing a mole fraction of copper at or less than 0.2 were less
sensitive and shorter-}ived than electrodes contalning larger amounts of copper.
Unless otherwise noted, all data presented in this discussion were taken with elece
trodes containing 0,25 mole percent copper,

The first series of electrochemical measurements described are those taken

with 0,1 M KNO3 as the supporting electrolyte., Complex ion formation is m!n!mal,7
and soluble cuprous specles are unstable,

Figure 3 shows the potential-concentration relationships for an electrode
operated in the following manner. The electrode was first etched and then placed
diractly into ltJ"6 M cupric nrtfahe; followed by solutions of increasing copper
fon concentration, Exposure times were ten minutes each; potentlals were steady
to within 2 M¢/min, After exposure to 1'2)"2 M CU+2, the electrode was exposed to
decreasing concentrations of copper (in order-of=magnitude changes) to 10'6 M,
and then to increasing concentrations to 10-] M. After thirty minutes at this

concentration, the copper content was decreased lncrementally to 10-6 M and
increased incrementally to 107! H.

The slope of the first of these potential-concentration curves is super-Nernstian,
i.e., with 2 slope greater than 30.m//decade; the return to lower concentrations _
gave a slope of less than 30 m¥/decade. On subsequently increasing concentration, i
Nernstian behavior was observed from 10-4 to 10-2 H; the potential at 10'2.5
showed a slow but real drift to more positive values; the potential chénge between
1072 and 107 was €0 m¥. The next cycle between 107 and 1078 M cu*? showed no
hysteresis of the type deseribed and showed Nernstian behavior from IO-2 and
10° N copper. Such measurements form the basis for the activation procedure -&
described, 1.e., to obtain a stable, reproducible, and reversible sensar, the ;
frashly etched electrode must first be exposed to high concentrations of cupric E

ion.

The time for activation in 107 M cupric nitrate was eveluated by measuring e
the potential-concentration dependencies after the electrodes were etched and 'ﬁ
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equilibrated separately for periods of 45 minutes, one hour, 2.5 hours, and over-
night, There was little difference in the slopes of the response curves and the
sensitivity, although, as exposure time was lncreased, the slopes were always dis-

iplaced to higher potentials. There was alsa considerable hysteraesis after the

electrods had been equlilibrated in ID-] M cupric nitrate for more than 2.5 hours,
between the first exposures of the electrode from IOM'| to 10‘6 M cupric nitrate
relative to subsequent cycles in concentration between these limits.

Figure &4 shows, the concentration-potential relationships determined In nitrate
solutions far a properly activated electrode, Included for comparison are the
performances of the commercial electrodes. Below 1072 M copper, the Orion elec-
trode and the copper-arsenic sulfide electrodes were essentially identical in per-
formance, with Nernstian slopes of 31 and 27 nV/decade, respectively, Above 10-2
M copper, the copper = arsenic trisulfide electrode showed a slight super-Nernstian
reasponse, Below lﬂ'h'ﬂ copper, this particuiar Coleman electrode showed little
sensitivity to chenging copper lon concentration; above 10"“ M copper the two
commarcial eleﬁtrodes were essentlally identical in response.

Response times for all electrodes ware good, e.g,, at 10'5‘5 copper, steady
state was achieved within one to three minutes; here, steady state {s defined as
a potential that Is stable to less than one millivolt drift in three minutes.

The three electrodes showed little dependence on stirring, For example, two
minutes after stirring of the 1(2!'2 M copper solution was terminated, the potentials
of the 6u-Aszs3, Orion, and Coleman electrodes decreased by t.,9, 1.8, and 0,2 m¥ ‘
respectively. ' ' ‘

The effect of pH on sensor response is shown in Figure 5, In the absence of
Cu+2, the electrode is pH=-sensitive, probably due to some adsorption or reaction
of the surface with hydroxyl ion, However, in the presence of cupric ion, the
slectrode response is lndependent of:pH until cupric hydroxide begins to precipi-
tate, Even as this takes place, the electrode potential follows the remaining copper

A

in solution until the detection limit of the electrode s reached, The data showr
were for an electrode prepared from Cu0; identical results wera obtained for an elec-
trode prepared from copper metal, as would.be expected'in view of the x-ray studies
describad above. - ’
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Responses of the Cu-Aszs3 electrodes In the acetate solutions are summarized
in Figure 6. Included for comparison [s a response curve for the electrode in
G.1 H nitrate. FPrior to each run the slectrode was etched and activated to remove
possible complications from prior history.

At and below 10'3 M added copper the slopas of the curves were basfcally
identical with slopes of approximately 30 mV/decade, The curves did shift to
lower potentials with increasing acetate concentration at a fixed added concentra=
tion of copper. Qualitatively this Is consistent with the argument that the elec~
trode responds to uncomﬁlexed cupric ion which decreases in concentration as
acetate 1ncreases.7 The teiling off of the response curve in 1 M acetate is also
_ consistent with this .axplanation. The slight non-Nernstian increase in potential
* at the high copper fon concentrations is due to exceeding the complexing capacity
of the 0.1 M acetate electrolyte. A rigorous calculation of the shifts in poten-
tial with changlng acetate concentration was not done, due to the arbitrary shifts
in Eo of the electrodes by viriue of the re~etching procedure followed between
each series of concentration measurements,

An attempt was made to operate the electrodes in solutions of thiocyanate,
which forms a different distribution of complex ions with cupric copper.
Unfortunately, the solutions were unstable with time; patential changes of the

order of 65 m/ were observed between 10"3 and 10'“ M copper for freshly prepared
thiocyanate solutions, ) '

-

Halide~containing solutions were considered next, Not only do a variet& of

cupric~containing complex ions exist, but cuprous species are also stable in high
concentrations,

Copper - arsenic trisulfide electrodes operated in these solutions also required

a similar activation step before stable Nernstian response could be obtained. .
There was Iitfle difference between electrodes equilibrated for one hour and those
‘equilibrated for five hours, Electrodes equilibrated overnight in 'It)"l M cupric
chlorfde solutions (1 M KC1, pH 2} were less sensitive to changes in cupric ion
concentratior at and below 1070 M. After the 40-hour exposure, all electrodes

showed a significant loss in.actlvity below 1074 M copper, i.e., a lowering in i
sensitivity to changes in cupric ien concentration, 4
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Figure 7 shows the steady~state responses to varyinﬁ cupric ion concentrations
in 1 M KCI for a copper - arsenic trisulfide electrode and, for comparison, for
an Orion and a Coleman electrode. The copper - arsenic trisulfide electrode showed
Nernstian behavior over the range of 10°> to 1072 M copper, but with a slope of
49 &+ 2 mV/decads, rather than 30 n¥/decade, The Nernstian slope for the Colemsn
electrode was 55 mni/decade from ‘0-4 to ll:)'l M cupric ion; the potentials oscillated
+2 n¥ at steady state, The Orion electrode demonstrated a saturation effect at
high copper cancentrations in this high chloride ien containing solution. This
was predicted by the operations manual supplied with the electrode and is apparently
due to the raactionllz Agzs + Cu+2 + 2 Cl" =2 AgCl + CuS. Betwesn 10'6 and 10"4
H copper, the potential change of the Orion electrode was 50 n¥ per decade rather
than 30 nV as predicted by the operations manual. Experiments with other Orion
electrodes gave slopes in the 45 to 50 mV range. Thus, the performance of these
electrodes at high chloride ion concentrations is more complicated than predicted
from the standard solubility product mechanism,

Untike théﬁr performances in nitrate sotutions, all electrodes showed a
stirring dependence when operated in 1 M KC1 and 1 M NaBr solutions. For example,
the copper = arsenic trisulfide electrodes generally showed a drop in potential
of 30 mV after stirring was stopped in the IO'1 M copper chloride solution; smaller
changes were observed at the lower copper=-containing solutions, e,g., 15 mv at
10" K cupric fon, This stirring dependence also varied from electrode to elec-
trode, in the best case being only 10 mi/2 minutes at 10-' # cupric chloride and
3.3 oN/2 minutes at 10'3-5. However, these electrodes were less sensitive to changes {
in cupric fon concentration at low levels of copper (i.e., 107 M, not ID-I M.,
A tentative explanation for this stirring dependence is given below. No correlation .
of potential with stirring rate was made. R

~ 3 o B

The Coleman electrode showed a stirring effect of the same magnitude, but
- in the opposite direction; i.e.,, the potential increased after the stirring was
shut off. One of a set of three Orion electrodes was véry stable to stirring. :
A potential increase of 2 mf in two minutes was found at 107 N cupric chloride, : » ?
However, two other electrodes showed stirring dependencies similar to these found _g
with the Colemen electrode. : ;@
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The Cu-Aszs3 electrodes were also run in a supporting electrolyte of 1 H
KCY + 1 M HC] to permit direct comparison with data published for pure cupric sul~
fide e:let:t:rcm[euru'2 The Cu-A5253 electrode generated a Nernstian response of 47 mi/
decade; the CuS electrode described in Reference 12 had responded with a slope of
29 m¥/decade for changing cupric fon concentrations in the sz~e supporting elec-

trolyte,

Since the slopes observed in | M chloride were approximately double those
observed In nitrate and in acetate, a study was made on the effect of chloride fon
concentration on electrode response, Accordingly, electrodes were exposed to
varying copper concentrations in supperting electrolytes of 3 M KC1, 1 H KC1 and

"D HKCY + 0.9 M KN03; pH was malntalned at 2 in all cases,

; Within the accuracy of the experiments, the Nernstian slopes in the 3 M and
: the 1 M KC1 were identical. In all cases the slope for the 0.1 M KC1 solution

} was lower, approximately 40 mV/decade, The actual potentials measured in the

3 M KC1 were about 50 e/ higher than those measured in 1 M KCl. The differences
in stope in relation to the 0,1 M KC1 solution were maintained over the concen-
tration range of 10'I to IO'S M cupric chloride, It was not possibie to correlate
these slopes with the variations in concentration of uncomplexed Cu+2 or CuCI+.

An evaluation was made of the electrode properties in bromide solution, which
has a different distribution of complex ions wi th cupric copperls and in which
cuprous copper is still stabie.13 The electrodes were etched, stored overhight
in cupric nitrate solution, and exposed to varying cupric ion concentrations in
1 M NaBr and in 1 ¥ KCY, In all cases the potential-concentration slope appeared
; | to be slightly higher in bromide than in chloride, by about 2 mv; however, this i a
| is well within the accuracy of the data, so it can only be safely concluded that j ,u
" the Nernstian responses in bromide and in chloride are essentially the same, R

In all cases the actual potentials of the bromide solutions were higher than those :

R L R O T L R

in the chloride solutions. The consistency of these. results from electrode to -ﬁ
electrode prohibits explanations in terms of vagaries in the electrode surfaces, 1 i
Stirring dependencies were also observed in bromide electrolytes; again, these S

were slightly greater than in chloride solutions of the same added copper concen-
tqftion. According to Reference 7, the copper-bromide compliexes are weaker than o
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the copper-chloride complexes, so that at any given total added copper the available
cupric ion concentration will be greater in bromide and could, at least in part,
account for the differences observed, assuming that the electrode responds only

to uncomplexed cupric ion,

The response of the copper - arsenic trisuifide electrode to other soluble

iontc species was evaluated, Univalent ions such as Na+, K+, and H' do not give

a response in the presence of cupric fon other than via ionic strength effects.
Some interference results when excessive amounts of ferric fon are present.

This is fllustrated in Figure 8. Each plot represents the response of a 6u-A5253
“electrode immersed in solutions of constant ferric ion concentration, but with
varying cupric ion concentrations, These curves indicate that the ferric lon must
be at least ten times greater than the cupric ion concentration before significant
interference is observed, Tests with other electrodes of approximately the same
composition indicated that the ferric ion content must be at least 100 times the
cupric jon concentration to cause a significant interference,

The response of the sensor to other {ons is shown in figqure 9. A 10'3 M
cupric nitrate solution was used as test, Varying amounts of caicium, nickel, and
ferrous {on were added. The results indicate no interference due to either calcium
or nickel, The effect of ferrous ion suggests a titration curve whereby cupric
ion is reduced and ferric ion is generated. There are also no Interferences from

Pb+2. Hn+2, or Zn+2. Interference was found with silver lon,

The sensitivity, selectivity, and performance properties previously deseribed
are all satisfactory for the use of the copper - arsenic trisulfide glass electrodes
as cupric ion sensors. It is also apparent that the behavior characteristics of
these electrodes are not consistent with the usual solubiiity product type of ion-
sensing formalism. A series of experiments was carried out in an attempt to
clarify the mechanism operating for the copper - arsenic trisulfide electrodes.

The first feature considered, then, is the electrode~activating mechanisﬁ.
{.e., the mechanism by which a freshly etched electrode surface must first be
exposed to high concentrations of cupric ion before stable Nernstian responses can
be obtalned. Exposures of the electrode to IDH‘ M Cu+2 solutions obviously presents
the electrode with a high concentration of cupric ion, but it also presents the
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electrode with a high positive potential, which might oxidize the electrcde sur-
face.

To determine the relative importance of these two factors, the following
experiment was carried out, Electrodes were freshly etched and then potentiostated
at the potential of IO'"1 M Cuci,, but in the absence of cupric fon. All other
components of the solution were identical to those used {n the chemical activation
procedure, t.e., 1 M KC1, pH 2. An ancdic current, independent of stirring, was
observed, so that chemical oxidation must take place during the activation
procedure. After the anodic current had decreased to zero {less than } pA} the
electrode was exposed to 10-6 M cupric chloride and to incrementally increasing
copper concentrations in the usual manner used to test the electrodes, The
nature of the response was similar to that shown In Figure 3, i.e., super-Nernstian
responses until high cupric ion concentrations were reached, Thus, a high poten-
tial alone is not sufficient to activate the electrode surface.

It is not difficult to understand a chemical oxidation-activation mechanism

oceurring in chloride solution where cuprous ien, the necessary soluble reaction

praduct, is chemically stable. However, the same chemical activation process

takes place in nitrate solution where cuprous lon is unstable according to the
reaction:

2 Cu+ <+ Cu+ Cu+2

The equilibrium constantls for the concentration of cuprous ion according to the

above dispropartionation reaction {3 2.5 x Io-h M in 10'1 M cupric chloride. 1In

the solutions used, approximately 2.5 amp sec of charge would pass before this con-

centration was exceeded and copper metal was formed. Since this is in excess of

the total charge passed during the potentfostatic oxidation of the electrode, it

is possible, even in nitrate solution, for the cupric ion to oxidize the electrode
and produce cuprous ion in solution.

The potentiostatically oxidized surface still demonstrated super-Nernétian
behavior, which is indicative of more than a one or two electron process; that

is, it indicates further interaction of the electrode surface with cupric ion in
solution to generate the copper=sensing surface.

This chemical interaction between
cupric ion and the electrode surface could take a variety of forms, such as com=
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pound formation to generate the active sites, or irreversible reaction with
strongly adsorbing sites, or both., In any event, this final surface then comes

into reversible equilibrium with the cupric ion content of the electrolytes,
providing Nernstian slopes,

A fundamental difference in this sensing mechanism must rest between halide
solutions and nitrate solutions, since the Nernstian slopes [n halides are a
nominal 50 mi¥/decade and a nominal 30 nV/decada in nitrate. Furthermore, there
is some dependence of slope on the halide concentration. A major difference in

the chemistry of these solutions is the increased stability of cuprous fon in
halide electrolytes.

The response of the elettrode to cuprous ion was therefore considered.
Electrodes were etched and activated as described. Activity was confirmed by
exposure to solutions of varying cupric ion concentration in 1 H KC1. The elec-

trodes were then washed with supporting electrolyte and exposed to solutions of
cuprous chloride in the same electrolyte. Electrode potential readings were
somewhat arratic, but were always less than that expected from 10~6 H cupric
chioride. It must therefore be concluded, particularly when considering the
difficulties in preventing cuprous chloride from air-oxidizing to cupric chloride,
that the response of the electrode to cu’ species is minor. Copper powder had
been included In the nitrogen~purged solutions to remove cupric ion‘z; some
corrosion took place, and eventually, the solubility product of CuCl was exceeded.

This, then, precludes any "solubility product sensing mechanism'! involving
the participation of sulfide {on in solution. Cuprous sulfide, like silver sulfide,
is highly insoluble and should have given rise to a potential shift ecuivalent
to a high cupric ion concentration (low sulfide ion).

The electrode was then washed with supporting electrolyte and exposed to
10" H CuCI2 in | M KCI. Increments of cuprous chloride were added go determine
whether the electrade responds to the cupric/cuprous couple., As potentials were o
recorded, there was some drift upward as, apparently, the cuprous lon was slowly E
oxidized by air, The data obtained are shown in Teble ViI. Similar results were
obtained when the starting cupric lon concentration was 10'3 M.
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TABLE VII

Potential Response vs Cuprous Chloride Concentration - ‘

(Original solution: 100 mi of IU"h cu?
in 1 MKCI)
Molar Ratio Electrode Potential ¢
(cu*2/cuty (n¥)
@/ 1 287.8
100/ 1 278.9
10/ 1 248,1
0.9/ 1 230.8

Obviously, cuprous copper suppressed the potential normally generated by-a . {
fixed amount of cupric ion. The depression increased as cuprous ion concentration {
increased, but not in a well-defined manner and not to the extent expacted from
the cuprous/cupric couple {59 mV/decade).

This depression may afford a pragmatic explanation for the stirring depen-
% dencies observed with the copper - arsenic trisulfide electrodes in halide solution. ‘
é It can be argued that a reduced material, presumably cuprous ion, dissolves slowly ‘
of f the electrode surface and reacts with cupric ion, thus depressing the amount : {
of cupric ion in the vicinity of the electrode and hence depressing the electrode '
potential. If cupric ion dissolved off, the electrode potential would have
increased, When stirring takes place, the cuprous copper is swept away from the

o
T ?

electrode vicinity, and the potential takes on a value more characteristic of

v aman sy

the cupric ion in solution, The amounts of cuprous ion are sufficiently small, ' .
however, to prevent any easily detectable increase in total copper ion concen=

tration in the test solution, Consistent with this dissolution mechanism is the
observation that the electrodes that demonstrated the most pronounced stirring
dependence were also the most pitted after prolonged use.
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It is necessary, in using this explanation, to account for the chemistry
of a reaction between cuprous and cupric copper in solution. It has been shown
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by optical absorption spectroscopym that a weak, but wﬁll—defined. complex exists

in solution between cuprous and cupric chlorides {n the range of chloride concen~
tration used in the electrode studies. Thus, cuprous copper may well dissolve off
the electrode, complex the cupric copper in the vicinity of the electrode, and

thus lower the available concentration of cupric copper at the electrode surface.
As a result, potential falls.

More direct evidence for cuprous ion dissclution from electrodes in hallde
solution was obtained as follows. A copper - arsenic trisulfide electrode was
etched, activated in lO"I M cupric nitrate, and transferred to a deaerated
solution of I0"3.ﬂ cupric chloride, A platinum screen eléctrode was then placed

about the copper electrode. 1In the absence of the copper electrode, the potentia)l

of the platinum electrode was relatively stable at about +430 mV. The potentials
of both electrodes (vs an Orfon double~junction reference electroda) after Inser-
tion of the copper electrode are shown in Figure 10. The potentials of the
platinum electrode were well polsed; i.e., they showed no oscfliations and con-
tinuously drifted to more negative values, The drift rate at steady state

(after 60 minutes) was %.3 m//hr. Thus, a reduced species, presumably cuprous
fon, is indeed dissolving off the electrode surface. The solution was then
changed to 10"5 M cupric chloride. The final drift rate of the platinum electrode

was 1.8 mV/hour. Therefore, the cuprous ion dissolution rate is approximataly pro-
portional to the cupric ion concentration,

This proportionality was checked by direct chemical analysis of the solutien.
Since the copper concentration changes involved are small und hence difficult

to detect in the presence of the higher ambient concentrations, analysis was made
for arsenic. The results are shown in Table V111,

There can be 1ittle doubt that the electrodes are more soluble in chloride
than in ritrate, and that the solubility is higher in the presence of high cupric

fon concentrations, All this is consistent with the stirring dependencies !
discussed previously. -

R

The next questfon {s whether this soluble, reduced material (presumably &
Cuprous idn) is involved in the cupric fon sensing mechaqism, or whether this
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TABLE VIIY

Arsenic Contents of Equilibration Solutions

Solution Arsenic Concentration

(ppb)
107! 1 ko, <10
107 4 ko, + 1072 i cu*? <10 |
1 M KC) 35
1 H ke + 1074w gut? 35
1 HKe! + 1072 g gu*? 65

dissolution reaction is merely incidental. Freshly etched electrodes were poten-
tiostated at increasingly positive potentials {in 1 M NaBr, pH 2) to oxidize the
electrode surfaces more completely, then equilibrated in IG"l M cupric nitrate

and exposed to solutions of 1 M NaBr, pH 2, varying in cupric fon content. The
results are shown In Figure 11. The responses of a chemically activated electrode
are included for comparison.

The behavior of the chemically activated electrode and the electrode poten-
tiostated at +600 mv are essentially identical. The effect of higher potentials
is obvious: as potential is made more positive, the subsequent sensitivity of the
~ electrode to changes in copper concentration below lo"q'ﬂ decreases., It was also
observed that electrodes exposed to +1200 mv would oscillate 4 nV when subsequently
equilibratgd with copper halide solutions, The stirring dependences decreased
when increasing potential was applied to the electrode. Note, however, that
sensitivity to low levels of copper concentration decreases at the same time.
This is similar to observations made earlier- that electrodes with lower stirring
dependencies also had lower sensitivities, Application of high potential to such :
electrodes completely deactivated them, It is thus apparent that the reduced -
material is involved in the potential sensing mechanism,
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As indicated previously, the electrode is at least a two-phase system,
crystalline sinnerite embedded in an amorphous phase. The participation of the
amorphous phase in the sensing process was evaluated by comparing the performances

of pure sinnerite electrodes with those of cuO.ZS(A?253)0.75 electrodes.

Accordingly, samples of sinnerite material were compounded by mixing Cu25 and
A5253 in a mole ratio of 3:2. The mixture was placed in an ampoule, evacuated,
sealed, and heated to 700°C for one hour., The temperature was then lowered to
500'c for one hour and finally raised to 550°C and maintained at this temperature
for 90 hours, The resulting sample was air-quenched to room temperature, Resis-
tivity as measured on two slices was 3,04 and 3.22 O cm, indicating that the
sinnerite is indeed a conducting material, Three sinnerite electrodes were

prepared from this material.

The electrodes were etched, stored overnight in 10-3 M cupric nitrate, and
exposed to cupric nitrate solutions over the range of 10'3 to 10-6 M. A Nernstian
slope of 30 n¥/decade was obtained. The experiment was repeated in 1 M KCL over
the range IO—I to 10_6 il CuClz. A Nernstian slope of approximately 55 mV/decade
was obtained between 10"l and 10'3 M cupric chloride, However, between 10'“ H
and IC)"6 M CUCIZ the response was super-Nernstian, of the order of 100 mV/decade.
The electrodes also showed a greater stirring dependence at and below IO'u'ﬂ.

These responses in nitrate (between 10_3 and 10'6 M) and in chioride solutions

(at and above 1073 M CuClz) are equivalent to those for the two-phase system, so

it can be concluded that the amorphous phase is not involved in the potential
sensing per se, or that its role is entirely equivalent to that of the sinnerite.
This Is consistent with the obsarvations that all the copper - arsenic trisulfide
electrodes behaved {n an equivalent manner, regardiess of the initial chemical

form of the copper put into the melt, Since the crystalline phase was always
sinnerite, the amorphous phase must have differed in composition, If it were
involved, then it would have been expected tﬁat the electrode behavior would also
have differed with the form of the initial coﬁper‘

The abnormal behavior of the sinnerite electrodes at low concentrations’ of
cupric chloride was similar in form to that obtained for 0”0.25(A5253)0.75 elgctrodes
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exposed to varying Cu 2/(:u+ ratios, This performance can be ratiaonalized in terms
of the sinnerite electrode depositing abnormally high concentrations of cuprous
fon in the vicinity of the electrode and reaching concentration ratios where the
cuprous ion exerts a significant effect on observed electrode potential. Furthere
maore, the pronounced higher stirring dependence for the sinnerite electrades is
what would be expected from the dissolution of greater quantities of cuprous ion,

The conclusions of these semiquantitative mechanistic studies can be summarized
by the following formalism, The active electrode material (cu6ASh59) is first
oxidized by cupric ion; potentiOStated sinnerite developed a high initial anodic
current

c”éASu 9 + Cu+2 + {oxidized surface) + Cu+. ()

This oxidized surface then reacts chemically with cupric ion to form the active

sites, which come into equilibrium with the cupric ion concentration of the test
solutions, i.e.,

{oxidized surface) + cut? o (active site) (2)

(active site) + cut? = (active site) (CU)ads + 28, (3)

A second and irreversible process such as reaction (2) {s required to account
for the super-Nernstian slope observed only initially with onidized electrodes.

It is envisioned that as the sites are formed, they interact with cupric fon
according to reaction (3).

It is postulated that this active copper site with adsorbed copper disselves
in halide solution to inject cuprous ion {or some other reduced species which can
crmplex Cu+2) into the electrolyte. The participation of this site is indicated
by ‘the inverse proportionality between cupric ion concentration and electrode
solubility, Some soluble arsenic, 2 sul fur -arsenic residue, and some fresh
sinnerite surface must also form during this dissolution process,

(active sita)(Cu)ads 4 €1 - (Cucl)sol + SA5253)residue + 6u6A5q§9. 1h)

The involvement of chloride ion in this reaction, due to its stabilizing influence
on cuprous ion, accounts for the slight dependence of the Nernstian slope on the _ .2;
chloride ion concentration. The sinnerite .o exposed cdn then proceed through the A
reactions Illustrated by Equations (1) and (2). Since at least onz of these

oy
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involves etectron transfer, a slope greater than 30 s¥/decade is obtained. The
extent of this reaction is dependent on cupric {on concentration via the partici-
pation of the adsorbed copper sites in reaction (4), so that the overall response
of the electrode is dependent on cupric ilon concentration of the solution,
Reaction (4) should lead to an eventual deactivation of the electrode in chloride
fon soluticons via the accumulation of the residue; this is iadeed observed.
Furthermore, this deactivation should be less important in nitrate solution due
to lower solubility; this {s also observed. By the law of mass action [t would
be expected from Equation {3) that deactivation should take the form of lowering
sensitivity to Yow concentrations of cupric ion; this is also observed.

c. 5ummarvr

Fusing arsenic trisulfide with copper, cupric oxide, or cupric sulfide
generates an electronically conductive glass which is sensitive to changes in
cupric ion concentration over the ranges of at least ID'] Lo 10-6 H copper in
molar solutions of chloride, bromide, nitrate, and acetate, Commercially available
electrodes do not respond to greater than part-per-million Cu+2 when the electrolyte
contains greater than about 0,1 M halide {chloride}. The electrochemically active
component of the Cu-AsZS3 glass is apparently "“sinnerite" (CusAshsg). Stable,
Nernstian responses were obtained only after the electrode surface was etched in
caustic and equilibrated with high (> 1073 M) concentrations of cupric ion; exces-
sive oxidation of the surface (» +600 mV vs Ag/AqC1) decreased electrode sensitivity
to low levels of copper ion concentration.

In the presence of cupric lons, the electrode response was independent of
hydrogen ion concentration from pH 2 to a value at which copper hydroxide preci-
pitation takes place. Even as copper precipitated, the electrode potential followed

the remaining copper in solution until the limit of detection of the electrode
was reached,

In nitrate and acetate solutions the slopes of the potential-log concentra-
tion plots were 29 m¥/decade; for the 1, 2, and 3 M chloride and bromide solutions
the slopes were 50 m\/decade; the slope in 0.1 M KCI was 40 mV/decade.

The response of the copper ~ arsenic trisulfide electrodes was Independent
of stirring in the nitrate and acetate electrolytes. However, in chloride and in
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bromide solutions, stirring led to an increase in electrode potential. Stirring
dependencies were also found for the commercial electrodes studied, but in the
opposite direction.

The copper - arsenic trisulfide electrodes did not respond to cuprous copper,
per se, or to the CU+Z/CU+ couple, No Interference was found from Ca+2, Pb+2,
Zn+2, Ni+2. or Hn+2. Ferric ion, when present in a tenfold excess, interferes;

Ag+ also interferes.

Qualitative studies of the electrode activation process indicated that direct
oxidation of the surface by cupric ion takes place first, followed by two or more
chemical reactions between cupric ion in salution and this oxidized surface., It
is this final surface configuration that is Involved in cupric jon sensing.

In halide solution cuprous jons {or some other reduced species) dissolve off
the electrode surface, exposing fresh sinnerite, the original starting surface.
This material then proceeds through the activation steps described, leading to a
mixed electrode potential, Since the extent of dissoclution is proportional to
cupric ion cancentration, the net electrade respanse is proporticnal to cupric
ion concentration, Since halide ion is involved in the dissolution process as well,
via its stabilfzing influence on cuprous ion, there is a dependence of Nernstian
slope on halide ion concentration. At high concentrations of cuprous ion in the
electrode surface, i.e,, for pure sinnerite electrodes, severe departures from
Nernstian behavior are observed at low cupric ion concentrations. This is ascribed
to complex ion formation in the vicinity of the electrode surface between this
cuprous copper, cupric copper, and chioride fon,
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IV, 504

A. Intreduction

Although ion selective electrodes are available for direct monitoring of the
concentrations of many ions in aqueous and nonaqueous solutions, development of an
electrode that is responsive directly to sulfate ion has proved difficult, Barium
15

sulfate impregnated membrane electrodes have been suggested, ~ although there is
some doubt regarding their eventual practicalityls; chloride ion, a ubiquitous
fmpurity in most waters, interferes when present above 10"3 ﬂ.l7 A lead ion selective o
electrode has been used in the indirect sensing of sulfate via a potentiometric
titration of sulfate with Pb (6104)2]8; dioxane is added to suppress f:he solubility
to lead sulfate, Cu+2, Hg+2, Ag+], and tenfold excesses of chloride, nitrate, and

bicarbonate are reported to interfere,

Previous reportsl'3 during this contract have described various attempts to
produce sensors which directly measure Souu concentration, but very limited success
has been achieved. However, a successful sensor system based on an indirect sulfate
electrode has resulted from this investigation,

The system [fully described in Analytical Chemistry 44, 2373 (1972)] is based
on the ferric ion/sulfate complex equilibria and is free of many of the restric- ) : f
tions mentioned above. This discussion of the indirect sohf sensor is presented .
for compieteness of this report.

It has been shownu that electrodes formed from Fe-1173 glass (G°285b125660)
have a Nernstian response to ferric iron in nitrate and in dilute chloride solu-
tions, but are non-Nernstian in sulfate solutions, i,e., a medium in which moderately
strong iron complex ions are formed (see Table IX). Since the extent of sulfate-
iron complex formation depends on total soluble ferric iron, pH, and total sulfate,
a relationship should exist between measured potential and sulfate concentration .
at fixed pH and fixed total! scluble iron. Additional evidence to support tl;e KN
W ]

contention that this electrode material responds only to free, hydrated Fe'> was

obtained by adding oxalate ion to a solution containing Fe+3 and observing that the
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potential decreases instantly, indicating a sharp reduction of Fe 3 concentration,

Similarly, in the pH range of 1 to 4 in the absence of Fe+.3 the electrode shows
very iittle or no response to changing pH; however, in the presence of Fe+3, varying
the pH results in conslderabie variation in potential responss, indicating a decrease
in Fe+3 with an increase in pH, This can also be attributed to complex formation

3

between OH™ and Fe'~,

Table IX
Log Equilibrium Constants’ for Fe'>, OH, and 0,7 Specie
Ion Constant Value
4
Fe, (0H) Ky 2,91
FE (oK) "% Ky) -3,05
Fe(OH); Ky -6.31
FeS0), B, +2,31
Fe(SOa)'z' B, +2,62
HS0j, Koo +2,00

Y

Ferric iron also forms complex ions with nitrate and with chloride ions,
However, these are substantially weaker than the sulfate complexes; little in the
way of strong polynuciear complexes have been reporfed for ferric iron in sulfate,
chloride and njtrate media.? Thus, in a solution containing a fixed excess of
chloride or nitrate ion, the relative concentration of free ferric ion is independant

of the total soluble iron, and there is no significant deviation from linearity of
the potential-log concentration plot.
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B, Experimental
1.  Apparatus

The general properties and preparation of the Fe-1173 glass have been described
previously,  Potentials (vs a Ag/AgC] reference electrode) were read out on a
Hewlett-Packard 3440A digital voltmeter; impedance matching was provided by a
Keithley Model 610C electrometer.

2, Reagents

The sulfuric acid stock solution was standardized as 0.4960 M with sodium
hydroxide, which, in turn, was standardized against potassium acid phthalate. Sulfate
solutions for analysis via the subject method were prepared by dilution with the
appropriate electrolyte. pH was adjusted to 2.1 ¢ 0,1 immediately before titration.
The barium ghloride titrant was standardized as 0,2054 M with EDTA which, in turn,

was standardized against calcium carbonate,

Sample volume was 2 nominal 100 ml, except for the 476 and 119 ppm sulfate
samples, for which the volume was increased to 200 ml, Rapid stirring was main-
tained with a magnetic stirrer,

3. Procedure

To form the sensor, slices of the glass were cemented to the end of an acrylic
tube, After the electrodes were mechanically polished, they were activated by
rinsing them with 1 N NaOH, wiping, rinsing with distilled water, and finally exposing
them to 107! M ferric nitrate solution at pH 1.6 for 30 minutes, Electrodes were
reactivated in the same manner, about every two weeks, The inner solution between
the glass membrane and the Ag/AgC1 reference electrode was kept constant at 10'3 M
Fe(NOy), in 107!
as follows:

ﬂ.KNDB. The sensor electrode-titration cell can thus be represented

Aglagetix # 50,7, 107 M Fe(Noy)lFe-1173 glasslo.1 K KNO,, 107 H Fe(No,), lAgt1|Ag.
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Computations of the free ferric ion concentration as a function of sulfate
concentration and pH were made in terms of the ionic species and equilibrium
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constants shown in Table IX, These equilibria were combined with mass balance
equations on total iron and total sulfate, and the set of equations was solved on
a computer by an iterative procedure. Input consisted of total added fron, tota!}
added suifate, and pH; output consisted of.the computed ferric ion concentration
plus the concentrations of the species listed in Table IX,

The concentration ranges considered were 107! to 10‘6 Y Fe and sulfate, pH
0.6 to pH 3, The tawer limit for ferric iron is set by the electrode sensitivity;
the upper 1imit is set by the so]ub111ty of Fe(OH)3 In spite of the Tow pH, it
had proved necessary to consider the Fe* /UH complexes, HSO& was also considered,
since hydrogen ions, in effect, compete with the ferric iron for the free sulfate,

C. Results and Discussion

The first point to be established was whether the Fe-1173 electrode indeed
responded solely to uncomplexed ferric ion, or whether some response was also
obtained from the ferric iron-sulfate complexes. Figure 12 shows the potential
responses for two sensors at fixed sulfate concentration and pH, (a) against total
iron present (open points); and (b) against the computed, uncomplexed ferric ion.
The potential - total iron plots have average slopes of 71 and 72 wV/decade and
show distinct curvature at higH iron concentrations, The potential vs free ferric
ion plots show no curvature and have slopes of 64.5 £ 2.1 mV (electrode 14-3) and
63.4 £ V.5 mv {electrode ih=4), These latter slopes closely approximate those
abserved in nitrate solutions for which complex formation is minor,

Figure 13 compares the computed and observed electrode response for one set of
solutions at fixed pH (1.6) and fixed total fron (10'3 M Fe}, but variable sulfate
concentration. The computed electrode potentials were derived from the computed
Fe+3 concentrations and Figure 12, [A plot directly against log (Fe+3) would have
given a curve of the same form,] It is apparent that the measured and computed
dependencies of potential on sulfate concentration are essentially identical;
the absolute values of potential are of little concern here, being related to

vagaries in electrode preparation,

Since the selective response of the Fe-1173 glass to uncomplexed ferric ion in
sulfate solutions thus seems fairly reascnable, the electrode was evaluated as a
monitor for sulfate ion titration, €alculations indicate that the sulfate-Fe
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complexes are too weak to yield a well-defined end point for titrating sulfate
directly with iron. However, if a titrant is chosen that will remove sulfate from
the complexes, thus releasing ferric ion, a satisfactory titration curve is
generated. The end point is defined as the titrant voiume at which the potential
remains constant. Once sulfate has been completely removed, further additions of
titrant change the iron content only by dijution., This resulting change in potential
is small (b0 mV/decade),

It is seen from Figure 13 that the change in potential generated by Such a
vitration would be the potential difference between that at the initial sulfate
concentration and that below IU"I+ M sulfate, For example, at pH 2.1 with 10"3

M Fe added, a 67 mV change would be expected for titrating IO-]

N sulfate,

Figure 14 shows the curve predicted by the computer and two sets of experimental
points for the titration of 100 ml of 0,06 M.sulfate (in 0.! M KC1, pH 2.1, 10"3
M Fe) with 0,213 M BaCl,. These data were normalized by setting the starting’
potential to zero millivolts, (The absolute potentials have little meaning, as

discussed in conjunction with Figure 13,) This plot is essentially a linearized

version of Figure 13, since, by definition, volume of titrant is directly proportional
to sulfate concentration,

Table X is a comparison of computed potential changes for titration of different
sulfate ion concentrations with a set of typical observations. Of particular interest
are the values for the 1,25 x 1073 M SOI’= (119 ppm) standard. The data given in
the table are for 0.1 N NaCl solutions. 1In distilled water the observed potential
changes tended to be slightly higher, e.g., 6.7 to 7.8 mV, which implies a somewhat
better limit of detection, This sensitivity effect is most 1ikely the result of
a change in equilibrium constant with changes in ionic strength. :

An expanded view of the experimental titration end point is shown in Figure
j 15. There is no difficulty in selecting the end point with # 0,05 mi; the sensor
§ is stable at the end point to * 0.1 mV.

The accuracy and reproducibility of this method were evaluated by replicate

titrations on known sulfate content solutions over the concentration range 119 to

3 ’ }

9520 ppm. Distilled water, 0,1 N NaCl, and 0,1 N NaC10, were used without complica-
tion as diluents for the stock sulfuric acid solution, i

e
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TABLE X

Potential Changes in Sulfate Titrations

Concentration Potential Change
(Total Sulfate) (my)
i} Observed Computed
6 x ID-Z 56 57
57
k9
3 x 1072 ko 37
30
6 x 1073 15,1 15
H= 14,7
—r—— 4?__—————_==
3 x 1073 7.3 8
1.25 x 1073 47 4
5.6
3.3
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An effect of the supporting electrolyte on the reproducibility of the end
point was noted when titrations were performed in the presence of 0,1 N KC1. At
9520 ppm sulfate, recovery was 98%; at 4760 ppm, recovery was 96%; at 2380 ppm,
recovery was only 94%. Titrations empioying barium nitrate titrant and 0.1 N NO;
electralyte were also relatively unsatisfactory, The sensitivity was reduced,
and the end point was not as sharp, being definable only to within & 0.2 ml, rather
than within £ 0,1 to % 0,056 ml,

D, Conclusions

The result shewn in Figures 12 and 13 and Table X indicate that (a) thc Fe-1173
glass electrode indeed responds selectively to uncomplexed Fe+3 in the presence
of ferric iron-sulfate and ferric iron-hydroxide compliexes, and {b) the equilibrium
constants of Table IX adequately describe dilute aqueous solutions of ferric iron
and suifate ion, '

With these facts established, it was possible to have some confidence in the
computer-determined optimum dependencies of electrode potential an sulfate ion

concentration as a function of pH and total added iron, The following conclusions
were indicated,

{(a) At constant pH and constant total sulfate concentration, the primary

effect of changing total soluble iron is Nernstian; i.e., the potential changes are
approximately 60 mV/decade,

(b) A second-opder change in sensitivity also results from changing iron
content; e.g9., at pH 2, when the sulfate concentration is changed from IO"z
to 107 M, the potential changes by 21 mV at T M Fe, by 18 mV at 1073
M Fe, and by 12 m¥ at 1072 M Fe.

Y (¢) The optimum operational region for 504= monitoring !s pH 1,7 to pH 2 and
107 Y Fe.

(d) The accessible sulfate concentration range computes as > 2 x 10'3 M
{~ 200 ppm). |

.

(e) This electrode system will yield distinct titration end points if the
titrant is chosen so as to remove sulfate ion frem solution, liberating un=

compliexed Fe+3.
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These conclusions were consistent with the Iimited number of conditions inves-
tigated experimentally. Considerations of electrode sensitivity and stability modi-
b to 1070 M Titre-
tion in dilute salt solution yielded a limit-of-detection of 100 ppm (10'3 M,
rather than ~ 200 ppm. This again is probably an effect of ionic strength on the

fied item {¢) to an optimum added iron concentration of ~ 5 x 10”7

equilibrium constants; correction of the calculations would, of course, be
possible.

It is to be expected that the method would be subject to many of the same
interferences documented for gravimetric measurements of sulfate via Ba504
precipitation, The stoichiometry of the titration {s slightly below theoretical
{~ 1%}, except when solutions containing low amounts of salt are titrated. (Note
that the ''distilled water" solutions high in sulfate also contained comparable
quantities of sodium ion from the pH adjustment step.) This discrepancy in
stoichiometry is ascribed to coprecipitation of sodium sulfate, a classical
problem with barium sulfate based methnds.‘g Such an explanation is made more
plausible by the poor recoveries observed from electrolytes containing potassium
ion, Such solutiens are much more notarious for alkali sulfate coprecipitation
of ferric iron; this phenomenon is also well documented,

The chemistry of the titration curve is such that the error in defining the
end point should be constant and relatively independent of the initial sulfate
fan concentration, This feature 1s borne out by the results shown in Table XI,
At low sulfate concentrations about half the error or scatter shown is ascribed
to instability or drift in the sensor; at high sulfate concentrations the major

portion of the error is ascribed to buret error, These conclusions are based
on the following argument.

The drift in sensor reading translates into an error in ¥ree ferric ion
concentration and hence into an error in the complexing sulfate ion concentration,
The sensors used in this work were stable to * 0,1 mV.in the vicinity of the end

point, (This stability will vary somewhat with total free Fe+3 concentratinn,

i.e., the species being sensed by the electrode,) Thus, with a 60 mV/decade Nernstian
retationship of potential to log fefric ion cohdentration, this error spread of
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0.2 nV translates into 7,5 x 10-6 H Fe at the 10-3 M Fe level. The concomitant

sulfate ion concentration is computed under the assumption that the [FeSOZ]
complex is domirant, (This fs consistent with the computer calcutations,) The
sulfate concentration so involved is 3,7 x 10'5 M, or 3.6 ppm,

At the lowest sulfate ion concentration considered in this work (i.e., 119
ppm) the error from sensor drift Is * 2,5%, which is of the order of that found
(Table XI} at 4760 ppm. At L4760 ppm the Instability scatter ervor is 0.07%,
substantially less than that observed {0,2%). The dominant error, then, must be
in delivery of the titrant to the sample, Under the conditions used, the sensor

drift error is ~ 0,02 wl of titrant, leaving about 0.06 ml for buret error, which
is reasonable.

We have thus shown that it is possible to monitor S0, in aqueous solution
(>5 x 10-3 M) by merely adding Fe+3 in a concentration range of 5 x Io'h to

b x 10'3 M, adjusting pH to about 2,1, and reading the potential with an Fe-1173
electrode {Figure 13). These electrodes can also be used to determine sulfate In
a titration method by adding a known quantity of Fe+3, adjusting the pH, and
determining the number of milliliters of standard BaCl, titrant required to reach
the potential end point. In this titration method the minimum SO = concentration
that can be determined in the sample can be as little as 1 x 0 W, At this low
concentration the relative error was about * 5%. As the sulfate concentration in
the sample is increased, this error becomes smaller, and at 5 x 10'2 M sulfate,

the relative error was reduced to about % 0,3%.




V. Ba+2 and Hq+?

Two material approaches have been taken for the development of solid-state
sensors for Ca+2 and Hg+2; doping of semiconductors such as single crystal n~ and
p-type silicon, n- and p-type germanium, and polycrstalline silicon; and doping of
alkaline earth single crystal salts with either univalent or trivalent ions. Most
of these results are detailed in 0.S.W. Progress Reports 619 and 761.2'3 The
most promising results were obtained with the doped alkaline earth crystals, and

these results are summarized here.

The following discussion is limited to the results obtained {n the investiga-

tion of CaF, doped with 10 mole % NaF, 5 mole % YF3, and 10 mole % YFy, as well as
Ndzn3 doped Cawoh.

A.  Material Preparation and Resistfvity

The 10 mole % NaF - 90 mole % Can was prepared from single crystal Can
(Harshaw Chemical Co,) and reagent grade NaF, The weight of a given can disc was
used as the basis for determining the amount of dopant, in this case NaF, to be
added, The doping procedure was carried out via thermal diffusion. The best
result for the NaF doping was obtained by placing the weighed disc of single
crystal CaF, and the proper amount of NaF In a glazed graphite crucible and heating
the mixture to 1040°C for 116 hours in a helium atmosphere. The resulting pellet
was then placed in a carbonized quartz ampoule, evacuated, sealed, and heated to
1100°C for 210 hours, Although thermal diffusion appeared to be almost complete,
the sample did not appear to be homogenecus. The resistivity of this sample was
measured and found to be about 10’ 0 cm. '

The CaF2 used for preparation of YF3 doped CaF, samples was the same as above,
The YF3 was a high purity powder obtained from Dr. S, B, Parker of Texas Instruments,
The weight of a given CaF, disc was used as the basis for determining the appropriate
amount of YF3 to be added for the desired nole % dopant, The CaF, and YF3 were
placed in a glazed graphite crucible with the YFy in contact with both sides of
the CaF, disc. The samples were then heated to 1450°C in a Phillips furnace from
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LeMont Scientific. The furnace was held at 1450°C for three to four hours, then
allowed to cool slowly to ambient temperature before the sample was removed, A
1450°C temperature was selected because it allowed both CaF, and YF3 to melt,

mix, and then form a solid solution on cooling, {The melting point for CaF, is close
to H400°C, and that for YFy is approximately 1140°C; however, some of the solid
solutions of CaFZ-YF3 have melting points up to 1443°C.} Taking the samples to

the molten state shortens preparation time considerably, and the end product is )
polyerystalline, H

The 5% YF3-CaF2 was polycrystalline, but not homogeneous, Either YF3 was
not uniformly distributed in the CaF, melt at 1450°C, or different solid solutions
were formed when the sample was cooled, With the 10% YF3-CaF2. however, the
polycrystalline product was homogeneous in appearance.

The resistivity of the 5% YF3 sample could not be measured by the procedure
previously described,] indicating a value greater than 1014 {t cm, The 10% YF3
exhibited a resistivity of only 1.5 x 103 £l cm,

Large crystals of calcium tungstates are readily obtained following a procedure
described by Van Uitert, et a|_,20-22 which involves pulling the crystais from a
melt, Since these materials tend to lose oxygen at the melting temperature, they
can be grown in air or even in an oxygen-rich ambient. The apparatus used to
prepare calcium tungstate is shown in Figure 16, The melt is contained in a rhodium
crucible approximately 40 mm tall by 40 mm I,D, with a wall thickness of 1.5 mm,
The 75 mm diameter, six-turn induction coil and the rhodium susceptor are surrounded
by 100 mesh alumina powder to thermally insulate the melt and reduce oxidation
of the rhodium, A platinum wire connects the susceptor to ground, Both the seed
holder and the thermocouple tubing are made from alumina, A length of split
alumina tubing rests on the wall of the susceptor and serves as a heat shield to . f';
prevent rapid cooling of the crystal as it i{s being pulled, Temperature control '
at the melting poinf (1540°C) is obtained with an L & N type G controller, A platinum
wire with a small loop in the end serves as an effective seed, Approximately

2.5 em/hour is a typical withdrawal rate at a rotation rate of 10 rpm,
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In the case of CaWoy,, approximately 125 g of the reagent grade material was
melted in the thodium crucible together with a weighed amount of 99,9% Nd203
calculated to achleve | mole % neodymium in the resulting crystal, Since CaWo,
crystallizes in the tetragonal scheelite structure, most crystals show a tendency
toward fourfold symmetry. Extreme care must be taken in slow-cooling the crystals
" to prevent excessive cracking, In the absence of a dopant, the crystals are
generally colorless and tramsparent. However, with the Nd203 the crystal appeared
slightly bluish,

Several samples were cut from a crystal of calcium tungstate grown from a
melt which contaiped 1 mole % neodymium added as Nd203. Although calcium tungstate
crystals have a tendency to crack and fracture, the problam appears to be controllable

by slow cooling, However, the presence of microcracks cannot be entirely eliminated.

Because the resistivity of these doped cawoh slices as~grown was too high,
they were heat-treated under vacuum to lower the resistance. The heat treatment
was performed in an evaporator by placing the samples in the heating coils and
slowly increasing the power, This treatment was carried out for about six hours.
The pressure in the evaporator was of the order of 10-6 atmosphere, The coil
temperature reached a maximum of 1125°C, but the alumina slab supparting the Nd-
doped CaWd, crystals did not exceed 1025°C, The maximum temperatures were maintained
for about two hours. Good resistivity data could not be obtained on these
sampies; however, when they were fabricated into membrane-type sensors they showed
good response and stable potentials,

B, Sensoar Evaluation

Membrane sensors were prepared from the polycrystalline doped CaF; contalning
10% NaF, 10% YF3, and 5% YFB' A1l these sensors displayed Nernstian behasvior' to
changes in c.a""2 concentration, Typical response curves are shown in Figure 17,
In addition, these sensors exhibited reproducible potential responses regardless
of the sequence of measurements, Between < Io'h M and 107 il Ca+2, the slopes of
the E-log [Ca*zl curves ranged from 27 mV to 29 mV (theoretical slope ~ 30 mv},
The slope of each curve becomes even closer to the theoretical value when activities
are used instead of concentrations. A major disadvantage of all of these sensors,
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however, was poor seiectivity. A small response to Na+, K+. and NH; was measured
in the 107 M to 107" M range (slope ~ 15 to 17 mV). Whenever one of these monovalent
electrolytes was added to the divalent cation test solutions, the response to the

divalent cations was inhibited, For instance, with solutions varying in Ca+2

concentration from 1070 M to 107!

M and the concentration of KNG5, NaCloy, or
NHhcl held constant at 0.1 M, no potential response to Ca+2 was measured, When
the concentration of monovalent electrolyte was held constant at 107 M, a
linear response to Ca*> was observed from < 10™ M to 107! M, but the slope was
only 23 mV (Figure 18), Apparently the addition of monovalent electrolyte does
not affect the limit of detectability for Ca+2
the E~log [Ca+z] curve, Decreasing the pH produced the same effect, as shown {
graphically in Figure 19 for the 10% YFS-Café sensor, As the pH decreases from

pH 6 to pH 3, the AE for decade changes in Ca'h2 concentration decreases, The

reversal in E-pH trend as the pH is decreased below 3 may be due to dissolution

of the sensor element. The E-pH data clearly show that the pH of the Ca+2

solutions must be in the neutral region for Nernstian behavior to be observed,

, but it does decrease the slope of

Considering the ion exchange argument, a potential response to anions such
as F and C204= was expected, but no response was observed. The above cbserva- J
tions may be interpreted on the basis of the equation for junction potentials

t. =t a
_ + "t o059,
E = Ea + E:T:TTZ: 7 log % . (5)

where E, is the asymmetry potential; t,and t_ are the transport numbers through

the membrane for the cation and anion, respectively; and a and a, are the activities

of the electrolyte on the two sides of the membrane. The Z in Equation (5)

represents the charge of the higher valent ion. For the potential responses to

Ca+2 in Catl2 or Ca(N03)2 solutions, Z = 2, L= 0, and t_ =1, which gives the f 5‘
: Nernstian slope of ~ 30 mV. It appears that ca'? is not transported across the .
' membrane (t+ = 0) because of adsorption of the divalent catien by the sensor

: element., Current is transported through the microcracks or hydrated pores in the

sensor material, then, totally by the anion (t_= 1),
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The lack of response to fluoride and oxalate is not understood at present, 1
but it may be related to the charge on the outer layer of the sensor materlial
and 1ts effect i1 enhancing or inhibiting adsorption.

Numerous additicnal tests were made with the 0% NaF-CaF, and 1% YF3-03F2

membrane sensors. In the absence of a background electrolyte, the 10% NaF=-

Caf, sensor displayed a Nernstian response to Ca 2, Ba+2. Hg+2, cd+2, Nl+2, cu+2

and Mn (slope ~ 30 mV) in the 10 -5 H to 107 H concentration range. Under the

sama condltions, the 10% YF2-CaF displayed a Nernstian response only to the {3a+2 .
Ba+2, and Mg . For the Cd 2, Ni*2 , and Hn+2 the slopes were ~ 20 mV; the slope ‘

for Cu 2 was ~ 2 mV, The varying responses of these sensors indicate that the |

10% YFB-CaF2 membrane sensor shows some degree of selectivity with regard to ‘
the transport of the various divalent cations across the membrane, As with

the other sensors of this group, the presence of 0.1 M background electrolyte

in the test solutions wipes out the response to the normally measurable divalent

cation,

In an attempt to obtain the optimum surface conditions at the 10% NaF-Can
and 10% YF3-CaF2 sensors, the effect of basic and acidic soaks on the sensor
performance was evaluated. After the sensor had soaked in pH 10 solution for

16 hours, the sensor response was erratic, and the time to establish equilibrium
was long (15 to 20 minutes), In addition, the slope of the E-log [Ca+2] curves |
was only 20 mV, After a 16-hour soak in pH 2 solution, a Nernstian response was

observed, and the potential response was more rapid and reproducible, It was

concluded that the acidic soak is beneficial to sensor response, whereas the

basic soak is detrimental.

In another experiment, the concentration of Ca+2 in the internal reference
solution for the 10% NaF-CaF, and 10% YF3-CaF2 membrane sensors was varied from
10'3 M to 1,0 M. A slight improvement in response and selectivity of the sensors
was observed when the more concentrated internal reference solution was used.

Several sensors have been prepared which respond well to Ca+2 and Hg+2
when they are the only cations present in the solution. These sensors have
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also been evaluated for their selectivity to each of these lons In the presence
of the other, In general, these membrane sensors do not distinguish between
0a+2 and Mg+2 and exhibit only slightly lower responses to the other divalent
fons, Typlcal data for the response of a 10% YF3-CaF membrane sensor to
mixtures of Ca and Mg +2 are prasented in Table XII, These data support a
Junction potential mechanism, However, it should be pointed out that this
mechanism seems to apply only to divalent ions. Therefore, these sensors can
be used to monitor brackish waters where the divalent ions are at least 10%

of the monovalent ions,

TABLE XI1
Response of 10% YFy-CaF, to ca*? and Hg*2

(Internal solution 0.1 ﬂ_Ca+2)

Potential lca*?) Mg*2]
{volts) {moles/liter) (moles/l1iter)
0,027 0.01 0, 0001
0,055 | 0,001 0.001
0.027 ¢, 0001 0.01
0.059 0,001 0.0001
0.060 0,0001 0,001

_ The Nd=doped CaWo, sensor material which was vacuum heat-treated was fabricated
into a membrane sensor., Its response to changes in ca’ activity is shown in
Figure 20, However, like previous sensors of this type, univalent ions interfered,
-The inteiTerence appears effectively as a short between the two solutions. Conceivably,
the univalent [ons cuuld transport through the mamb rane, although they would be
hindered, This may be helpud by & certain degree of microcracking,

73




o S o
Nd,0, - Ca WO,
60 = (23-146) o ]
—i
3
-]
< -
3 c—
= ®
" 26.1 £0.1 mV/Decade
e
%
<100 f -
o/
' | |
-140 1 | | I | I
-5 -4 -3 -2
6971-3 LOG Ac.+2

Figure 20 Response of Vacuum Heat-Treated Nd-CaW0, to Changes in Ca+2 Activity




The prospects of obtaining good solid=state sensors for divalent fons with
these systems are still good., Crystal preparation {crack-free) and {ncreased
conductivity could provide the improvements required for usable sensors.

Usanle ca'? and Hg+2 solid-state sensors have been fabricated and tested,

While thelr use is somewhat restricted to solutions containing these ions as a
major constituent (> 10%), they still can find use in many applications,
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VI. OTHER ION-SELECTIVE SENSORS

During the course of this contract a variety of materials and sensors for
ions other than those described in the preceeding sections was investigated.l-B
Other experiments were performed to obtain information helpful in elucidating
the mechanism of the sensors of primary interest, All this work has been reported
previously.]-s but for completeness and to point the direction for future investi~
gations, some of these results are presented here.

A. Mn+2 and Hn+3

Considerable effort was devoted to attempts to produce materials and sensors
that would be selectively responsive to Hn+2.]-3 Both doped semiconductors and
amorphous materials were investigated. However, only the limited response obtained
to divalent ions with the doped alkaline earth crystals was obtained. This response
was poor and nonselective, However, during the course of the work on Hn+2. a sensor

was produced which exhibited a good response to Mn+3.

An electrode was fabricated from a material consisting of & mole % Hno -
1173 glass, This sample had a resistivity of about 100 ) cm. Electrochemical

3 2

generation of Mn' was carried out in a solution containing Mn+

in a sulfuric
acld -~ pyrophosphate medium, Th= Mn(P207)-2 complex is stable {violet color)
and does not disproportionate readily, The generation was carried out at a Pt=
3

flag electrode by constant current elsctrolysis, and the Mn't produced was directly
proportional, to the time of the electrolysis. In arriving at the concentration

of the test solutions, a 100% current efficiency was assumed for the electralysis.

Although the absolute values of the Hn+3 concentrations may be in error, the

A log [Mn+3] should be correct as long as the current efficiency for the electro-
chemical generation remained constant. Figure 2] shows the potential response of
the electrode to Mn+3. In the concentration range 1073 M to 10-2 il Hn+3, a linear
response was observed and a s'ope of 99 mV/decade was calculated. A Pt electrode

3 concentration range (Hn+2 concentration

held at 0,1 M) and exhibited a slope of 85 mV/decade.

- +
showed a linear response over the same Mn
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These results indicate that the Mn-1173 electrodes may have some sensing
application, This work was not pursued further,

B. Cd+2 Sensors

In classical electrochemistry the reaction of Cd+2 has been used frequently
as the demonstration ion for many electrochemical techniques, To obtain informa-
tion concerning the possible mechanism of doped chalcogenide glass, an investiga=-
tion of Cd~doped materials and the sensors fabricated from them was undertaken,

More details of these investigations are presented in 0.S5.W. Reports 436 and
1,2
619. !

Membranes and electrodes of 10 mole % CdSe~1173 give reasonably good potential
responses to changing cd+2 concentration, The potential response is better when
the sequence of measurements is from the dilute solutions to the concentrated
ones, Adsorption and/or dissolution rates at the glass Interface cause problems
when the measurement sequence is reversed, This is shown in Figure 22 for a
‘membrane and an electrode, The theoretical response is 30 mV per decade change
in Cd+2 concentration, and the response approaches theoretical as the concentra-
tion Increases, AE for a series of(salutions is reproducible from one day to the /
next for a given electrode, but the absolute potential values indicate that the
initial conditions existing at the glass interface are not reproducible, Later
work has shown that the electrode surfaces need to be etched and activated in

+2

€d © to obtain more stable responses,

The response to Cd+2

did not help determine the mechanism for the potential
response to this cation. A clue to the potential mechanism for the Cd+2 response
was noted while investigating the pH response of the 10% CdSe-1173 membrane.

In the absence of Cd+2, a pH response was observed fram pH 2 to pH V1 {Figure 23).
When Cd+z was present in solution, the pH respon;e was limited to pH's » 8. At

pH 8, the Cd+2 precipitated and the membrane became sensitive to pH, From pH 2 to
pH 8, the cd™2 concentration remained constant and was the potential-determining
component of the solution, Since the Cd+2 - H response was competitive rather
than additive, the potential mechanism for these two ¢ations appears to be the

same, From experiments run in the absence of Cd+2, the slope of the £ = pH curve
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in the pH 2 to pH 6 range was ~ 25 aV, which suggested that the potential mechanism
involved an exchange of a monovalent cation for a divalent cation,

Although ion exchange appeared to be probable with the 10% CdSe-1173 membrane,
the lack of potential response to Mn+2, Fe+2, and Ca+2 indicated that no reversi-
ble exchange process existed between these divalent cations and the Cd+2 in the

sensor.
Additional work on Cd+2 sensors appears warranted, particularly in view of their
applications to the environmental monitoring of various waste water and natural

streams.

C. Na+ and K+ Sensors

Several materials and sensors were prepares .o measure the concentration of

univalent ions, particularly Na' and K+.l’2

A number of commercial electrodes
are available for these ions. The several sensors prepared and tested during
this contract exhibited poorer performance than the commercially available elec-
trodes, Although the commercially available electrodes did respond, additional
work is required if these electrodes are to be used in routine applications.

More information is presented on this point in the next section of this report. T

Materials and sensors have been investigated for a number of ionic species
in solution, The most successful sensors were discussed in Section II through
V. In addition, some supporting evidence exists for sensors that are selectively

responsive to Hn+3 and Cd+2

; further investigative work is required on these sen-

sors. Additional, but unsuccessful, investigations were carried out in attempts . N
+ + +

to establish materials and sensors for Mn 2, Na , and K. HNo direction for future

investigation of these latter sensors is indicated by this work.
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VII, APPLICATION OF SENSORS TO MONITORING OF DEMINERALIZATION PROCESSE®

Laboratory applications were attempted for some of the sensors developed
during this program to monitor various process streams encountered in the several
different demineralization processes, Actual samples of raw well water were
received from Mason-Rust in Webster, South Dakota; the Roswell Test Facility,
Roswell, New Mexico; and the Desalting Demonstration Plant in Freeport, Texas.
This section describes the various laboratory tests performed and the results of
these tests. Although it is not a part of this contract, a description will
also be presented of the application of the Fe+3 and Ca+2 sensors to monitoring
samples of acid mine dreinage water obtained from the Experimental Mine Drainage
Treatment Facility, Hollywood, Pennsylvania,

2

A. Na+, ca'  and Fe+3 Applications

A system of sensors utillzing commercially available electrodes (Corning
Honovalent Cation Electrode, Corning Ca+2 Electrode, and Orion Divalent Cation
Electrode) and TI's Fe+3 sensor was used to analyze a sample of raw well water
obtained from Mason-Rust in Webster, South Dakota, The Corning monovalent cation
electrode detected 35 ppm univalent fons calculated as Na® as opposed to the 106
ppm Nd+ reported in the water analysis. This error, as discussed later in the
evaluation of another sensor, was due to the large effect of ionic strength caused
by the high concentration of divalent fons present in the sample. The results
obtained for the Ca+2 concentration with the Corning Ca+2 electrode were more
difficult to explain, The water analysis reported 132 ppm Ca+z, but the sensor
determination yielded 400 ppm Ca+2. The high ga™2 value cannot be explained by
the ionic strength effect. The total divalent cation concentration (Ca+2 and Hg+2)
calculated as Cé+2 was found to he 105 ppm with tha Orieon divalent cation electrode,
The low value for this determination i4 understandable when the ion strength effect
{s considered. TI's Fe*3 sensor (%% Fe0~1173) indicated 0.56 ppm Fe, versus the
1.05 ppm Fe reparted, It was necessary to adjust the pH of the test sample to
3.0 so that the potentials measured would be meaningful when compared with those
of the working curve, Here again, the ionic strength of the test solution would
make the results Tow, In addition, it is possible that a portion of the Fe was

present as Fe+2 and therefore could not be detectad with the Fe+3 sensor,
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The Corning Na' electrode (NAS=11-18) was evaluated for its response to
Na'. This electrode has a working concentration range from saturated solutions to
10"6 M (Figure 24), but the lower limit increases as the fonic strength of the
solution increases. The electrode was used to analyze the Na+ content in water
sanples from the Roswell Test Facility and Webster, South bDakota. In the Roswell
water sample, the Na© was a major constituent (largest contributor to jfonic strength),
and the determination using the working curve for the Corning Na electrode was
straightforward (reported, 4650 ppm Na'; found, 4380 ppm Na'). The accuracy of
these results (~ 6% error} is as good as can be expected from this type of analysis, -
With the Webster water sample, however, the Na® Is only a minor constituent; thus,
the potential displayed is greatly influenced (with regard to ionic strength) by
the targe concentration of divalent ions, making analysis by the standard calibra-
tion curve useless {reported, 106 ppm Na+; found, 38 ppm Na+). A technique involving
dilution of and standard addition of Na' to the water sanple gave results with a
relative error of & 30%. A one-liter sample of the Webster water was concentrated
to 330 milliliters in a rotor evaporator. Further evaporation caused precipita-
tion of CaSOh from solution. This concentrated sample was then diluted with .
deionized water to 1/2, /3, /4, 1/5, 1/8, and 1/10 of its initial concentration. o
The relative Na' content of each of these solutions was measured with the forning 5
Na' electrode, A least-squares analysis of these data was made with a computer,
and the plot shown in Figure 25 was drawn, The potential of the Corning Nat elec~
trode was then measured in the Webster water sample and in a similar sample to
which 39.3 ppm Na' had been added.

Using the slope of 48 m/ from the plot in Figure 25, the following calculations
were made: .

i} C+X_
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In these caleulations,

m
n

+ potential of electrode in solution containing standard
addition of 339.3 ppm,

€ = potential of electrode in Webster water sample,
C = Na' content in Webster sample, and
+ .
X = content of Na added to Webster sample in standard addition,

The measurement of E, and E is very critical in this analysis, If the E+ -
E = 0.005 instead of G.006, then € becomes 151 ppm Na'. The relative error in
the analysis due to the error in messuring E, and E can be reduced by making X
large so that £ 1-2 mV will not be so significant in the value of £ - E.

Detarmination of Ca+2 in the Webster well water sample and the Roswell Test
Facility well water sample with the 10% NaF-CaFZ, 1% YFB-Can, and 5% YF3-L‘.aF2
membranes gave encouraging results, as shown in Table XIII.

TABLE X111

betermination of Ca+2 Concentration in Raw Well Water Samples From
Webster and Roswell Test Facility with the Doped CaF, Membrane Sensors

+2 ppm Ca+2 Found
ppm Ca
Sample Reported 10% NeF-CaF, 10% YFy-CaFy 5% YF3—CaF2
Webster 192 68 159 63
Roswel | 517 400 503 450
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The calibration curve used in these analyses was prepared from potential
responses to CaCIZ test solutions, The low analysis data probably resulted because
the ionlc strength of the raw well water samples was higher than that of the cali-
brating solutions. Without consideration to the ionic strength of the solutions,
the results of the 10% YFS-CaFZ membrane sensor must be considered either very
good or fortuitous,

The results of the tests indicate that ion-selective electrodes can be used
to monftor various ions in brackish waters; however, ane must have some general
knowledge about the water, It is not sufficient merely to place electrodes
in unknown solutions, measure potential values, and determine concentrations
from some standard calibration curves. It is important that calibration curves
be obtained under conditions that are as nearly as possible identical to those
for the unknown ions (i.e., ionic strength, interferences, etc.}. Standard additions
which yield changes of ~ 18 WV for electrodes with nominal 60 aV/decade slope
yield the original concentration equal to the amount added. For 60 mV/decade elec- )
trode response, doubling the concentration should result in an 18 n¥ change. -

B, §24= Sensor Applications

Section IV of this report describes the chemical and electrochemical basis
of a simple and rapid potentiometric titration technique for the determination of

sulfate ion in water, The pertinent concepts involved in the analysis were shown
to be the following:

(1) Electrodes formed from an iron-doped chalcogenide glass,
4,5,

L}

Fez(GeZBSb]zSeGO), respond selectively to uncomplexed ferric iron
(2) Ferric iron forms stable soluble complexes with sulfate ion7;
(3) Barium ion is added incrementally to break up the complex by precipitating
barium sulfate;

(k) The electrode senses the liberated ferric ion;

(5) The end point is signalled by the onset of a constant potential,
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The limit of detection of the method is approximately 100 mg sulfate/liter,
Although this value is too high to be of interest in the analysis of many fresh
and drinking waters, it 15 more than sufficient for the énalysis of many brackish
waters, brines, seawaters, and waste waters. Such aqueous solutions are, of
course, considerably more complex than the simple sodium sulfate -« sulfuric acid
solutions used to develop the method, and, as with all methods based on barium
sulfate precipitation, some interferences are to be expected from these other
major ifonic constituents. This application describes the evaluation of such
interferences in the context of the subject method and provides some preliminary

data on the application of the technique to the analysis of some natural waters
high in sulfate content,

" The experimental methods used in this study were essentially the same as
described in Section IV. The sulfuric acid stock solution used for preparing
synthetic brackish waters was standardized against a sodium hydroxide solution,
which, in turn, was standardized against potassium acid phthalate, The barium

chloride titrant was standardized with EDTA, which, in turn, was standardized

{
against calclum carbonate,

The test solutions were prepared for titration: (1) by adding the proper
amount of sulfuric acld and the specified concentration of the interfering ion
under study, (2) by adjusting the pH to 2,1 % 0.1 to avoid subsequent precipita-
tion of ferric hydroxide, and (3) by adding sufficiert ferric iron to produce a
concentration of approximately 10'3 molar iron.

The actual titrations were carried out manually as described {n Section IV{
approximately 3 to § minutes were required to complete one titration. The sensor
electrode was used in the membrane configuration. Potentials were read out on o

Hewlett-Packard 344DA digital voltmeter; impedance matching was provided by a
Keithley Model 610C electrometer,

Calcium is known to co=-precipitate with barium sulfate.23 Table X1V shows
the results of applying the titration method to sulfate solutions containing various

calciug ion concentrations. The range was chosen to approximate that found in sea
water,
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TABLE XIV

Sulfate Recovery vs ca*? Concentrating
{pH 2.1, 2380 ppm $0, added)

i
Ca' Concentration (M) % Recovery
5x 1073 96.5
1072 95
5x 1072 91.5

Clearly, calcium ions do constitute an interference for the titration method,
Based on replicate runs, these departures from stoichiometry were reproducible
within the accuracy of the method so that a correction factor based on calcium
concentration becomes possible. Since routine waste water analysis generally

involves simultaneous calcium analysis, this correction factor is often available.

Potassium also coprecipitates with BaSO As in gravimetric barium sulfate

40
analysis, potentiometric analysis in KC1 solutions routinely yield less than
stoichiometric recovery of sulfate, e.a., 94 recovery was obtained in IO-] H KC1

for 2 x I(J'2 H SOh. Potassium is present in seawater at the 0.01 M Ievel,24 s0
coprecipitation should be less important for such samples. Faor more accurate
results, however, potassium ions would have to be removed as, for example, via

passage through a cation ion exchange resin.

Magnesium and calcium also form soluble complex ions with stability constants

7

which approximate those of the ferriec iron-sulfate complexes.’ A series of titra-

tions were made in a medium of 0,05 i chlz; the magnesium content of seawater is
a nominal 0.05h4 ﬂ.zh Complete recovery was achieved in all cases, indicating little

or na coprecinitation of magnesium sulfate at this concentration level. However,

‘the break in the titration curve at the stoichiometric addition of barium ion was

not as large as that observed with distilled water and sodium ion solutions. This
is shown in Table XV, which presents the potential difference between the end
point and a volume of titrant 0.3 ml before the end poin:. (Although these poten-
tial changes are small, they are well within the stability range of the electrode
and the electronics.)
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TABLE XV
Potential Change at the End Point vs Solution Composition
(2380 ppm SOZ, pH 2.1)

Solution Potential Change (mV)
DI H,0 + 107 M Fe 1.8
OUSHHgCl + 1073 M Fe 0.7
0.05 M HgCl + 3 x 10 -3 H Fe 0.4
0.05 M MgCl, +2x1o"*nr-'e 0.8
0.05 h catl, +\03_F 1.0
0.01 M Lacl + 1073 M Fe 2.1

Also shown in the table are data for the titration of calcium chloride solutions

of comparable concentrations, A somewhat less sensitive end point is also obtained
in titrating the 0.05 K Caclz sojution besides the Tower recovery diccussed above.
With natural seawater and other waters high in sulfate concentration this effect
can be minimized by dilution of the sample prior to titration; salt concentrations
at and below 10“2 H do not cause problems in determining the end point. Finally,
the data in Table XV aiso irdicate that there is little to be gained from manip-
ulating the ferric Ion concentration,

The method was then applied to a waste water, a brackish water, and seawater.
The waste water (-950 ppm 504) was analyzed by the standard sulfate-turbidimetric
method, as well as by the subject method, Both methods agreed within experimental
error; the titrimetric end point was similar to that found in distilled water.

A seawater sample {taken near Galveston, Texas) was run following a 10:1 dflu~
tion, Recovery was 2950 ppm sulfate, which is well within the sulfate range expec-
ted for secawater (e.g., 2800 ppm given in Reference 24),

Brackish water from the Roswell Test Facility, Roswell, New Mexico, was
titrated without dilution; 1360 ppm was found, compared to the 14390 ppm reported
(Table XVI). However, this water also contained 0,05 ﬁ calcium, which can be
;xpected to yield a lower sulfate recovery (Table XIV). Correcting this sulfate
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result by the factor shown in Table XIV yields a value of 1490 ppm, which compares
favorably with the value reported in Table XVI. The end point, although readily
detectable, was not as sharp as in distilled water sanples. A 5/1 dilution of

the sample before titration improved the end point without altering the accuracy
of the analysis. This Is as predicted from the data in Tables XIV and XV.

Among the more ubiquitous ions to be found with sulfate ion are the alkalis
and the alkaline earths. The resulting difficulties thereby introduced into the
subject method are essentially the same as in all barium sulfate methods. Sodium
jon and chloride ion at a hundredfold excess cause no problems, Potassium ion

interferes at this concentration level via coprecipitation; 94% recovery was

obtained for 2 x 10-2 i} SDZ in 107! H KC1. Magnesium and calcium distort the
end point due to slmultaneous‘complexation with sulfate {on, but this does not
cause a major problem with the titration technique. Although calcium also
coprecipitates, this effect is sufficiently reproducible to allow for correction

if the Ca content is known. At high sulfate concentrations the sample can be
diluted to minimize interference,

TABLE XVI
A Roswell Test Facility Well Water:

0SW Analytical Results

Item Concentration (pom)

ca™ 517

Mg'* 163 |

Na++ &,650 i

50, 1,490 !
T 7,340 ’

HCOq 206 .

c03 0 -

Fe 0,22

510, | 15

Total Dissolved Solids 14,400

Total Hardness (As CaCUB) _ 1,980 ; ;

o 7.5 | .

n
I

™ o -




c. r.‘.u+2 Application

The Cu-A5253 sensors for Cu+2 are described in Section III of this report.
The application studied with these electrodes was limited to the monitoring of
Cu in seawater and the various brines from a distillation desalination plant,
To establish whether or not these electrodes could in fact respond to Cu+z in
seawater, a sample of seawater was obtained from the Gulf of Mexico at the beach
in Galveston, Texas, Cu+2 was added to this water in varying amounts, and the
total Cu in solution was independently determined by atomic absorption. The
responses of two different sensors are shown in Figure 26. The pH of the seawater
was found to be 6.8, indicating that as the Cu concentration increased, some of
the Cu may have precipitated, This may account for the nonlinearity. However,
if the solution is acidified to a pH in the range of 2.0 to 4.0, {Zu"-2 concentrations
in the parts-per=billion (ppb) range can be readily measured.

Seawater samples of varying copper concentrations with pH adjusted to 2
were contacted with several Cu-A5253 electrodes, and the potentials were measured,
A Nernstian response of 60 nV/decade was obtained ovnr the concentration range 6 ppb
to 6 ppm. In simulated brine (1 M KC1, pH 2) a 60 mV/decade response was obtained
from 6 ppb to 630 ppm. The best of the commercial copper ion-selective electrodes
were shown not to function in brines abave 1 ppm copper, in accord with the mode
of operation recommended by the manufacturer [n the "operation manual." The
Cu-A5253 electrode showed response to changing copper concentration down to 2 ppb,
but the slope between & and 2 ppb was less than Nernstian.

The response time at these low concentrations was satisfactory, provided the
changes were less than an order of magnitude, For example, steady state was
achieved within two minutes after adding 6 ppb to the stock seawater sample
(~ 2 ppb}.

A one-gallon sample of final brine was. nhtained from the OSW test facility
at Freeport, Texas, This sample, taken on 18 September 1972, contained a signifi-
cant amount of sediment, MHeasurements were made after various treatments of the
as-received sample.
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The sample as-received had a pH of 7.1. Before a sample was withdrawn for
analysis, the original gallon was mixed well and the sample decanted with sediment,
Analysis of the mixed pH 7.1 sample indicated only 6 to 8 ppb Cu+2. The mixed
sample was then acidified to pH 1.9 with perchloric acid, The average value of
four different sensors was 2,15 ppm Cu+2. The mixed sample was filtered and acidi~
fied to pH 1.9. It then yielded an average Cu+2 value of 0.4l ppm, indicating
that some fine particulates of copper passed through the laboratory filter paper.
An independent check of the total copper by atomic abs&rption yvielded a value of
1.1 ppm. However, this latter value is probably low for several reasons; e.g.,
the high salt content of the sample prevented complete atomization of copper, and
particulate copper may not have been aspirated into the flame,

The results obtained with the four Cu-A5253 copper-salective electrodes are
given in Table XVII, It appears that a simple monitoring system for both dissolved
and particulate copper in the final brine can be demonstrated. In addition, it
will be possible to monitor the difference between incoming and outgoing brine
with little difficulty.

In order to prove this last point, additional samples were obtained from the
0.S5.W. Test Facility in Freeport. Sample ¥l was raw incoming seawater, Sample
#2 was taken after addition »of ”2504 and the deaerator-decarbonator. Sample
#3 was the fipal brine. The results of these analyses are presented in Table
XVIII.

The SOZ determinations were made by titration with Bat:l2 using an Fe=1173
electrade to signal the end point., This procedure has been discussed previously
in this report and further demonstrates the applicability of ion-selective sensors
to the desalting process,

In analyzing the data for Cu'{"2

in Table XVIII, it is important to consider
sources of error in each measurement, The electrode data obtained at a pH of

6.0 may be in error on the low side due to precipitation or complexation of the

Cu as cu(ou)z or tu[OH)+. At this pH, Fa+3 Is not an interference, At pH 2.0, =

Fe+3 is an Interference and can yield high results, The atomlc absorption analyses
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(Sample Taken 9/18/72)

- ———— -
TABLE XVIT
Analyses of Final Brine from Freeport Desalting Plant
\ .
|

§u+2 in ppm
F
Sample
} Treatment Electrode Response
P 525 52B-12 58-5 5821 Average
As-received, < 0,006 < 0,006 0.006 0.007 0. 006
l pH 7.}
Adlusted, 2.3 2.1 2.2 2.0 2,15
Filtered, adjusted, 0,34 0,46 0.53 0,44 0,44
pH 1.9
TABLE XVIII
Analyses by Cu-iﬂ.szg3 Electrodes of Brines From
0sW Desalting Plant, Freepart, Texas
(Samples taken 10/2/72)
Sample # | Sample # 2 Sample # 3
pH (as received) 8.0 6.3 7.0
cu*? (ppm) ' N.D.¥ 0.025 0.63
pH 6.0
cut? (ppm) N.D.* 0.45 .44
pH 2,0
cu*? (ppm) 0.001 0.080 1.02
pH 6.0 (aah) '
soz (ppm) : 2360 2550 5700
#
N.D. = Not detectable :
# - :

AA = Extraction followed by atomic absorption analyses
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were accomplished by extraction at pH 6,0, The results can only be low due to
the inability to extract particulate Cu,

These results indicate at least that the tota)l Cu content is between the
values obtained by the ion-selective electrodes at pH 2 and pH 6. The AA results
indicete that the values are more nearly between those obtained by AA and the ion-
selective electrode at pH 2.

Free Fe+3 can cause a positive interference in the ion=selective electrode
determination of Cu+2 by a Cu-Aszs electrode, particularly when the Fe+3 concentra-
tion is ten times greater than Cuté, The brines obtained from the Freeport
Desalting Plant contain suspended particulates which have some Fe+3, Cu+2, and
silicates, The sillcates are dissolved by adding 0.5 ml of concentrated HF per
100 ml of sample. The resulting solutions at pH 2.0 contain sufficient Fe+3 to
pose a possible interference in the 0u+2 determination, and the effect of HF on
the Cu-A5253 electrode had not been determined.

Fe+3 forms stable complexes with F_ such that the large amount of F_ available
after the additian of HF should decrease the free Fe+3 activity to an insignificant
level and not be sensed by the Cu-Aszs3 electrode. When lﬂ'h H Fe™3 was added to
IO'6 H Cu+2 in 1 M KC! solutions containing 0.5 mole % HF, no increase in-potential
was observed on either an Fe-1173 or two Cu=As,S, electrodes. The two Cu:?5283+
electrodes were then calibrated in solutions containing 0.5 vol % HF, 107" M Fe 3,
and varying cd+2 concentrations from 1 x 10 to 5 x 10'5 M. The resuliting curves
were Nernstian, and the potentials obtained were almost identical to those obtained
in the absence of the HF and Fe+3. Thus, it can be stated that F and Fe+3 in the

presence of F_ do not interfere with Cu+2 determination in 1 M KC1, even at concen-

trations as low as 0.06 ppm 0u+2.

The procedure of addiﬁg a 0,5 vol % HF to the sample was next tried with sea-
water, It was hoped that the HF would dissolve the silicates, release the adsorbed
CU+2, adjust pH to 2,0, and remove the Fé+3 interference by complexing the iron.
This wa§'attenpted in both a batch and a simulated continuous flow system. The

results were questionable, The brines from Ffeeport contain sigrificant quantities
of calcium and magnesium. The cat? and H§+2 react with F~ to precipitate Can and

Hng. In the presence of this material Cu+2 tends to be both coprecipitated and
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| adsorbed on these suspended particles, Tests carried out at the Freeport plant

indicated that in the presence of this precipate, when $.asdard additions of Cu+2
were made, about two-thirds of the added Cu+2 was removed from solution. By repeat-
Ing this test in the laboratory it was possible to observe an increase in cu*? for
the first few minutes after the addition of the HF, followed by a slow decrease in

L Cu+2 a5 the precipitate formed and the (:u+2 was coprecipitated and adsorbed,

[ It appears likely that a system for continuous monitoring of Cu+2 in seawater
brines can be worked out, The Fe+3 interference can be suppressed and the Cu+2

] can be released from the various silicates and clays present. The problem is to

prevent the precipitation of CaF, and Hng. Additional applications work is required to

circumvent this difficulty, However, several suggestions come to mind. For instance,
the electrodes have sufficient sensitivity so that by diluting the original brine,

the concentration of calcium could be reduced and the Cu*> concentration still
£ maintained in a range that can be easily measured by the Cu-A5253 electrode, In

this instance semicontinuous monitors can easily be envisioned,

. Fe+3 and Ca+2 Application to Acid Mine Drainaqe Water

Although not a part of this contract, an investigation was made of the applica-
tion of the Fe=1173 and 10 % YF3 - Can sensors to monitoring acid mine drainage
water, Samples were provided by Dr, Harold L. Lovell, Director of the Experimental
Mine Drainage Treatment Facility, Hollywood, Pennsylvania, These samples were taken
from varicus points in the plant, preserved with acid, and shipped to pallas,
Analyses were.performed as soon as possible; however, there was a time lapse of
several days between sampling and analyzing.

The samples were preserved in three different ways, One set was preserved
for total iron; a second was preserved for Fe+2; and the third sample was the raw,
unpreserved water. The very low pH {< 0.5 pH) of the two preserved samples made
exact calibration difficult, but relative values could be obtained. The raw samples
had some Fe+3 precipitates, The Fe=1173 sensor results yielded the correct relative
values, For instance, the oxidation tank had by far the most Fe+3 concentration,
Examlnation of samples from four different points in the treatment plant showed

that the ratio of Fe'3 in each sample agreed with that obtained by the analyticel
laboratory in the plant,
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In this particular acid mine drailnage treatment process the acid is neutrailzed
and the Fe'> is precipitated by adding limestone (CaC0.). The 10% YF. ~ CaF. sensor
was used to measure the b3+2 concentration in the wateg from this step of thg
process, These sensors ylelded very stable readings, which indicated the ca
concentration was 250 ppm, in good agreement with previous analytical rusults,

This electrode functions well in this application because cat? is the predominant
cation at this point;

The results with the acid mine drainage water indicate that these sensors can
be used to monitor such waters., These particular experiments were performed several
years ago., With the added Information obtained since then and the added application
of the Fe=1173 to meaasure SDZ, it should be relatively straightforward to apply these
ion~selective electrochemical sensors to continuous, or at least semi-continuous,

monitoring of acid mine drainage waters and treatment processes for these waters.




VIII, SUMMARY AND RECOMMENDATIONS

A, Summary

The research performed on United State Department of the Interior, Office of
Saline Water Contract No. 14-01-0001-1737 has demonstrated the feasibility and
the initial development of new ion-selective electrochemical sensors. Specifically,
highty selective sensors have been demonstrated for Fé+3 and 0u+2. Proper use
of the Fe+3 sensor can yield a system and/or procedure for rapidly monitoring and/
or determining suhz. A solid-state sensor was demonstrated for Ca+2 and Mg+2.
Although it is not as selective as the previcus sensors, there are many applications
and conditions in which this sensor will perform an adequate monitoring function,
Some applications of these sensors to actual demineralization processes has been
demonstrated,

1. Fe+3

Sensors made of Fe-doped TI #1173 glass (GezBSbIZSeGD) are selectively

responsive to Fe+3

H Fet3

. The response is Nernstian over the range 10°° to 1072

, with some response in some instances to as low as 5 x 1077 M Fe+3,

(0.03 ppm). The sensor may be used to measure concentrations greater than 10-2 |
Fe'”; however, an additional activation procedhre will be required to obtain linear
response. The procedure for sensor material preparation and sensor activation,
calibration, and operation has been established and shown to be reasonably repro=
ducible, The average slope in the Nernstian range for 12 sensors from four different
material runs was 56.7 n¥/decads, with an average deviation of 2,1 mV/decade, The
1 o level for this slope was 1,8 mV/decade, A limited number of these sensors has
beer made Evailable in response to unsolicited requests. In addition, applicaticn
of this sensor for monitoring acid mine drainage waters and other acid waste
streams which contain iron is practical.

2. cut?

L
1

Sensors made of 0u-A5253 are selectively re;ponsive to 0u+2. The response of

these sensors is dependent on the supporting eleétrplyte, particularly the anions.

.
'
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In a pure No; electrolyte the response is Nernstian with 2 slope of 30 mV/decade,
As the chloride concentration of the electrolyte is increased, the response still
remains Nernstian, but increases and finally approaches a value of 59 nV/decade
in 3 M chioride solutions, Intermediate chloride concentrations yield slopes
between 30 and 59 mV/decade, Procedures have been established for material
preparation and sensor activation, calibration, and operation,

Comparisons of commercially available Cu+2 selective electrodes and the cu-A5253
sensors were made. The Cu-A5253 sensor appears to have superior response and
range, particularly in a chloride medium, In-fact, the manufacturers of the commercial
Cu electrode warn against use of the electrode in high concentrations of chloride, '
since this results in corrosion of the electrode; therefore, the commercial electrode
would not be useful in the goncentrated brine solutions encountered in various

.desalination processes, particularly if the Cu+2 concentration approaches 1 ppm
or greater,

+
It has been demonstrated that Cu-A5283 sensors can be used to monitor the Cu 2
concentration brines involved in desalination processes.

3. 50,0

During the course of our investigation of the Fe-1173 sensor we observed an
unusual response to Fe'3 in the presence of 50h=. Further investigations reestabished
that the Fe sensor measﬁred Nfree! Fe+3 and that the Fesoz was not sensed, With
a knowledge of the equiiibrium constants for the various complex species in solu-
tions of Fé+3 and 504n and at a constant concentration of Fe+3 and a constant pH,
the potential of an Fe~1173 sensor is relatable to the Soh= concentration, This
method is fully described in Section IV of this report., Manual monitoring of
seawater and brackish water has been accomplished in this laboratory. The sensor
can be used in a continuous monitoring mode by incorporating it in a process
titrator system, or it can be used teo indicate the end-point of a BaCl, titration,
The latter method has good accuracy and reproducibility and can readily be applied
‘to solutions contélning more than 100 ppm Sth.
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4. Ca+2 and Mq+2

2. For the most

part, these materials were NaF-CaF,, YFB-Can, and Nd203 doped Cawo,, crystals,

All materials appear to respond in the same way. These sensors do not distinguish
2 and Hg+2, but respond to the sum of the two ions. Major interference
is to be expected from all univalent ions unless the divalent ions predominate

_ (make up greatér than 50% of the total cation content). If the divalent ions

Crystalline materials were used as sensors for (:a"'2 and H§+

between Ca

are the major positive ionic constituents, then the sensor appears to have
sepsitivity down to at least HJ"LL M (b ppm Ca+2), or possibly lower.

B. Recommendations for Future Investiqations

The relatively small amount of effort expended during this investigation on
application; yielded most encouraging results, Certainly some additional effort
should be dévqted to expiolting the new sensors discussed in this report, as well
as those that are commercially available, Ion-selective electrochemical sensors
cannot simply be placed in an unknown process stream and be expected to yield the
correct answer., However, this work has demonstrated that after a small amount
of work and modification, ion-selective electrochemical sensors can be applied

to monitoring a number of processes, including deminetalization processes,

More specifically as a result of this work, additional research and develop-
ment should be directed to instrumentation to automatically and continuously
determine sohf uslng_the Fe=1173 sensor., Many applications of this system to
other waters for sok' monitoring requirements, including acid mine drainage,
appear practical.

The use of A5283 and other chalcogenide glasses as host materials still
warrants further investigation in an attempt to produce a family of very similar
ion-selective electrochemical sensors,

Since the doped chalcogenide glasses are good conductors, the steady-state
current potential characteristic of these sensors should be investigated. The

current response is a linear function of concentration, while the potential response
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is logarithmic, Increased sensor accuracy could be obtained by having the option
of measuring either current or potential.

Other characteristics of these sensors which should be investigated are
temperature effects, long-term stability, lifetime between activations, amd
response time,

The goal of any future work in this area should Include the construction
of at least feasibility equipment and the application of this equipment to actual
processes,

Ion-selective electrochemical sensors and systems can prove to be a useful
aid in controlling, optimizing, and reducing the cost of the various demineraliza-
tion processes,
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